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(57) The present invention provides compositions comprising thermostable DNA 
polymerases derived from hyperthermophilic eubacteria. In particular, the present 
invention comprises thermostable DNA polymerases from the hyperthermophilic 
eubacteria! species Thermoactinomyces vulgaris. The present invention also provides 
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methods for utilizing naturally-occurring and non-naturally-occurring forms of T, 
vulgaris DNA polymerase in sequencing, reverse transcription, and amplification 
reactions. 
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Description Claims 



THERMOPHILIC DNA POLYMERASES FROM THERMOACTINOMYCES VULGARIS 
FIELD OF THE INVENTION The present invention relates to thermostable DNA 
polymerases derived from the thermophilic eubacterial species Ther-moactinomyces 
vulgaris, as well as means for isolating and producing these enzymes. The thermostable DNA 
polymerases of the present invention are useful in many recombinant DNA techniques, 
including thermal cycle sequencing, nucleic acid amplification and reverse transcription. 

BACKGROUND Thermophilic bacteria are organisms which are capable of growth at 
elevated temperatures. Unlike the mesophiles, which grow best at temperatures in the range 
of 25-40°C, or psychrophiles, which grow best at temperatures in the range of 1 5-20°C, 
thermophiles grow best at temperatures greater than 50°C. Indeed, some thermophiles grow 
best at 65-75°C, and some of the hyperthermophiles grow at temperatures up to 130°C. (e. g., 
J. G. Black, Microbiology Principles and Applications, 2d edition, Prentice Hall, New Jersey, 
1993, p. 145-146). 

The thermophilic bacteria encompass a wide variety of genera and species. There are 
thermophilic representatives included within the phototrophic bacteria (i. e., the purple 
bacteria, green bacteria, and cyanobacteria), eubacteria (i. e., Bacillus, Clostridium, 
Thiobacillus, Desulfotomaculum, Thermus, lactic acid bacteria, actinomycetes, spirochetes, 
and numerous other genera), and the archaebacteria (i. e., Pyrococcus, Thermococcus, 
Thermoplasma, Thermotoga, Sulfolobus, and the methanogcns). There are aerobic, as well as 
anaerobic thermophilic organisms. Thus, the environments in which thermophiles may be 
isolated vary greatly, although all of these organisms are isolated from areas associated with 
high temperatures. Natural geothermal habitats have a worldwide distribution and are 
primarily associated with technically active zones where major movements of the earth's 
crust occur. 

Thermophilic bacteria have been isolated from all of the various geothermal habitats, 
including boiling springs with neutral pH ranges, sulfur-rich acidic springs, and deep-sea 
vents. In general, the organisms are optimally adapted to the temperatures at which they are 
living in these geothemal habitats (T. D. Brock, "Introduction : An overview of the 
thermophiles, "in T. D. Brock (ed.), Thermophiles : General, Molecular and Applied 
Microbiology, John Wiley & Sons, New York, 1986, pp. 1-16). Basic, as well as applied 
research on thermophiles has provided some insight into the physiology of these organisms, 
as well as use of these organisms in industry and biotechnology. 

1 . Uses For Thermophilic Enzymes Advances in molecular biology and industrial processes 
have led to increased interest in thermophilic organisms. Of particular interest has been the 
development of thermophilic enzymes for use in industries such as the detergent, flavor- 
enhancing, and starch industries. 
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Indeed, the cost savings associated with longer storage stability and higher activity at higher 
temperatures of thermophilic enzymes, as compared to mesophilic enzymes, provide good 
reason to select and develop thermophilic enzymes for industrial and biotechnology 
applications. Thus, there has been much research conducted to characterize enzymes from 
thermophilic organisms. However, some thermophilic enzymes have less activity than their 
mesophilic counterparts under similar conditions at the elevated temperatures used in 
industry (typically temperatures in the range of 50-1 00°C) (T. K. Ng and William R. 
Kenealy, "Industrial Applications of Thermostable Enzymes,"in T. D. Brock (ed.), 
Tileri71ophiles : General, Molecular, and Applied Microbiology, 1986, John Wiley & Sons, 
New York, pp. 

197-215). Thus, the choice of a thermostable enzyme over a mesophilic one may not be as 
beneficial as originally assumed. However, much research remains to be done to characterize 
and compare thermophilic enzymes of importance (e. g., polymerases, ligases, kinases, 
topoisomerases, restriction endonucleases, etc.) in areas such as molecular biology. 

II. Thermophilic DNA Polymerases Extensive research has been conducted on isolation of 
DNA polymerases from mesophilic organisms such as E. coli. (e. g., Bessman et al., J. Biol. 
Chem. 223 : 171, 1957 ; Buttin and Kornberg, J. Biol. Chem. 241 : 5419, 1966 ; and Joyce 
and Steitz, Trends Biochem. 

Sci., 12 : 288-292, 1987). Other mesophilic polymerases have also been studied, such as 
those of Bacillus licheniformis (Stenesh and McGowan, Biochim. Biophys. Acta 475 : 32-44, 
1977 ; Stenesh and Roe, Biochim. Biophys. Acta 272 : 156-166, 1972) ; Bacillus subtilis 
(Low et al., J. 

Biol. Chem., 251 : 131 1, 1976 ; and Ott et al., J. Bacteriol., 165 : 951, 1986) ; Salmonella 
typlaimuriufz (Harwood et al., J. Biol. Chem., 245 : 5614, 1970 ; Hamilton and Grossman, 
Biochem., 13 : 1885, 1974) ; Streptococcus pneumoniae (Lopez et al, J. Biol. Chem., 264 : 
4255, 1989) ; and Micrococcus luteus (Engler and Bessman, Cold Spring Harbor Symp., 43 : 
929, 1979), to name but a few. 

Somewhat less investigation has been performed on the isolation and purification of DNA 
polymerases from thermophilic organisms. However, native (i. e., non-recombinant) and/or 
recombinant thermostable DNA polymerases have been purified from various organisms, as 
shown in Table 1 below. 

TABLE 1 Polymerase Isolation From Thermophilic Organisms n"I S'M' Kaledin et al., 
Biochem, 45 : 494-501 (1980) ; Biokhimiya 45 : 644-651 (1980). Chien et al, J. Bacteriol, 
127 : 1550 (1976). Universitybf Cincinnati Master's thesis by A. Chien, "Purification and 
Characterization of DNA Polymerase from vhermls aquaticlzs," (1976). University of 
Cincinnati, Master's thesis by D. B. Edgar,"DNA Polymerase From an Extreme 
Thermophile : Thermus aquaticus," (1974). U. S. Patent No. 4, 889, 818* Thermus aquaticus 
U. S. Patent No. 5, 352, 600* U. S. Patent No. 5, 079, 352* European Patent Pub. No. 258, 
017* PCT Pub. No. WO 94/26766* PCT Pub. No. WO 92/06188* PCT Pub. No. WO 
89/06691* Thermatoga maritima PCT Pub. No. WO 92/03556* U. S. Patent No. 5, 912, 
155* ThOrmmtogcz neapolitnna U. S. Patent No. 5, 939, 301* U. S. Patent No. 6, 001, 645* 
TABLE 1 Polymerase Isolation From Thermophilic Organisms Organism Citation 
Thermotoga strain FJSS3-B. I Simpson et al, Biochem. Cell Biol, 68 : 1292-1296 (1990). 
PCT Pub. No. 92/06200* Thermosipho africanus U.S. Patent No. 5,968,799* Myers and 
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Gelfand, Biochem., 30 : 7661 (1991). PCT Pub. No. WO 91/09950* PCT Pub. No. WO 
91/09944* Bechtereva et al., Nucleic Acids Res., 17:10507 (1989). Thermus thermoiphilus 
Glukhov et al., Mol. Cell. Probes 4:435-443 (1990). Carballeira et al., BioTech, 9 : 276-281 
(1990). Riittiman et al., Eur. J. Biochem., 149 : 4t-46 (1985). Oshima et al., J. Biochem., 75 : 
179-183 (1974). Sakaguchi and Yajima, Fed. Proa, 33 : 1492 (1974) (abstract). Kaledin et a., 
Biochem., 46 : 1247-1254 (1981) ; Biokhimiya 46 : 1576-1584 (1981). Thermus flavus PCT 
Pub. No. WO 94/26766* Thermus ruber Kaledin et al., Biochem., 47 : 1515-1521 (1982) ; 
Biokhimiya 47 : 1785-1791 (1982). Hamal et al., Eur. J. Biochem., 190 : 517-521 (1990). 
Thermoplasma acidophilum Forterre et al., Can. J. Microbiol., 35 : 228-233 (1989). Salhi el 
nl., J. Mol. Biol., 209 : 635-641 (19S9). Salhi et al., Biochem. Biophys. Res. Comm., 167 : 
1341-1347 (1990). Rella et al., Ital. J. Biochem., 39:83-99 (1990). Sulfolobus acidocaldarius 
Forterre et al., Can. J. Microbiol., 35:228-233 (1989). Rossi et a., System. Appl. Microbiol, 
7:337-341 (1986). Klimezak et al., Nucleic Acids Res., 13 : 5269-5282 (1985). Elie et al., 
Biochim. Biophys. Acta 951:261-267 (1988). Bacillus caldotenax J. Biochem., 113 : 401-410 
(1993). Selimann et al., J. Bacteriol., 174 : 4350-4355 (1992). Stenesh and Mcgowan, 
Biochim. Bioiphys. Acta 475:32-44 (1977). Bacillus stearothermophilus Stenesh and Roe, 
Biochim. Biophys. Acta 272 : 156-166 (1972). Kaboev et al., J. Bacteriol., 145 : 21-26 
(1981). 

TABLE 1 Polymerase Isolation From Thermophilic Organisms Orgiiiis"M"'Citoi4ri 
Methanobacteriurn Klimezak Klimezak et a/., Biochem., 25 : 4850-4855 (1986). 
thermoautotropicum Kong et al., J. Biol. Chem. 268 : 1965 (1993) .. U. S. Patent No. 5, 210, 
036* TUemlococcus U. S. PatentNo. 5, 210, 036* U. S. Patent No. 5, 322, 785* 
Anaerocellunz thermophiLus Ankenbauer ex ai., WO 98/14588* Pyrococcus sp. KODI U. S. 
Patent No. 6, 008, 025* Lundberg et a/., Gene 108 : 1 (1991) PCT Pub. WO 92/09689 
Pyrococcusfuriosus U. S. Patent No. 5, 948, 663 U. S. Patent No. 5, 866, 395 Herein 
incorporated by reference. 

In addition to native forms, modified forms of thermostable DNA polymerases having 
reduced or absent 5'to 3'exonuclease activity have been expressed and purified from T. 
aquaticus, T. maritima. Thermus species spsl7, Thermus species Z05, T. thermophilus, 
Bacillus stearothenmophilus (U. S. Pat Nos. 5, 747, 298, 5, 834, 253, 5, 874, 282, and 5, 830, 
714) and T. africans (WO 92/06200). 

III. Uses For Thermophilic DNA Polymerases One application for thermostable DNA 
polymerases is the polymerase chain reaction (PCR). The PCR process is described in U. S. 
Patent Nos. 4, 683, 195 and 4, 683, 202, the disclosures of which are incorporated herein by 
reference. Primers, template, nucleoside triphosphates, appropriate buffer and reaction 
conditions, and polymerase are used in the PCR process, which involves multiple cycles of 
denaturation of target DNA, hybridization of primers to the target DNA and synthesis of 
complementary strands. The extension product of each primer becomes a template in the 
subsequent cycle for production of the desired nucleic acid sequence. Use of a thermostable 
DNA polymerase enzyme in PCR allows repetitive heating/cooling cycles without the 
requirement of fresh DNA polymerase enzyme at each cooling step because heat will not 
destroy the polymerase activity. This represents a major advantage over the use of mesophilic 
DNA polymerase enzymes such as Klenow in PCR, as fresh mesophilic polymerase must be 
added to each individual reaction tube at every cycle. 

The use of Taq in PCR is described in U. S. Patent No. 4, 965, 188, EP Publ. No. 258, 017, 
and PCT Publ. No. 89/06691, herein incorporated by reference. 
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In addition to PCR, thermostable DNA polymerases are widely used in other molecular 
biology techniques including recombinant DNA methods. For example, various forms of Taq 
have been used in a combination method which utilizes reverse transcription and PCR (e. g., 
U. S. Patent No. 5, 322, 770, herein incorporated by reference). DNA sequencing methods 
utilizing Taq DNA polymerase have also been described (e. g., U. S. Patent No. 5, 075, 216, 
herein incorporated by reference). 

However, some thermostable DNA polymerases have certain characteristics (e. g., 5'to 
3'exonuclease activity) which are undesirable in PCR and other applications. In some cases, 
when thermostable DNA polymerases that have 5'to 3'exonuclease activity (e. g., Taq, Tma, 
Tspsl 7, TZOS, Tt/and Taf) are used in the PCR process and other methods, a variety of 
undesirable results have been observed, including a limitation of the amount of PCR product 
produced, an impaired ability to generate long PCR products or to amplify regions containing 
significant secondary structure, the production of shadow bands or the attenuation in signal 
strength of desired termination bands during DNA sequencing, the degradation of the 5'end 
of oligonucleotide primers in the context of double-stranded primer-template complex, nick- 
translation synthesis during oligonucleotide-directed mutagenesis and the degradation of the 
RNA component of RNA : DNA hybrids. When utilized in a PCR process with double- 
stranded primer-template complex, the 5'to 3'exonuclease activity of a DNA polymerase may 
result in degradation of oligonucleotide primers from their 5 ! end. This activity is undesirable 
not only in PCR, but also in second-strand cDNA synthesis and sequencing processes. 

When choosing to produce and use an enzyme for sequencing, various factors are considered. 
For example, large quantities of the enzyme should be easy to prepare ; the enzyme should be 
stable upon storage for considerable time periods ; the enzyme should accept all deoxy and 
dideoxy nucleotides and analogues as substrates with equal affinities and high fidelity ; the 
polymerase activity should be highly processive over nucleotide extensions to 1 kb and 
beyond, even through regions of secondary structure within the template ; the activity should 
remain high, even in suboptimal conditions ; and the enzyme should be inexpensive (A. T. 
Bankier, "Dideoxy sequencing reactions using Klenow fragment DNA polymerase I,"in H. 
and A. Griffin (eds.), Methods in Molecular Biology : DNA Sequefzcing Protocols, Humana 
Press, Totowa, NJ, 1993, pp. 83-90). Furthermore, the enzyme should be able to function at 
elevated temperatures (e. g., greater than about 70°C), so that non-specific priming reactions 
are minimized. However, there are no native enzymes which fully meet all of these criteria. 
Thus, mutant forms of enzymes have been produced in order to address some of these needs. 

For example, mutant forms of thermostable DNA polymerases that exhibit reduced or absent 
5'to 3 f exonuclease activity have been generated. The Stoffel fragment of Taq DNA 
polymerase lacks 5'to 3'exonuclease activity due to genetic manipulations that resulted in the 
production of a truncated protein lacking the N-terminal 289 amino acids (e. g., Lawyer et 
al., J. Biol. Chem., 264 : 6427-6437, 1989 ; and Lawyer et al., PCR Meth. Appl., 2 : 275-287, 
1993). Analogous mutant polymerases have been generated from various polymerases, 
including Tma, Tspsl7, TZ05, Tth and Taf. While the generation of thermostable 
polymerases lacking 5 f to 3 f exonuclease activity provides improved enzymes for certain 
applications, some of these mutant polymerases still have undesirable characteristics, 
including the presence of 3 'to 5'exonuclease activity. 

The 3 f to 5 ! exonuclease activity is commonly referred to as proof-reading activity, it removes 
bases that are mismatched at the 3 ! end of a primer in a primer-template duplex. 
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While the presence of 3'to 5 f exonuclease activity may be advantageous, as it leads to an 
increase in the fidelity of replication of nucleic acid strands, it also has some undesirable 
characteristics. The 3'to 5'exonuclease activity found in thermostable DNA polymerases such 
as Tma (including mutant forms of Tma that lack 5 ! to 3 f exonuclease activity) also degrades 
single-stranded DNA such as primers used in PCR, single-stranded templates and single- 
stranded PCR products. The integrity of the 3 'end of an oligonucleotide primer used in a 
primer extension process (e. g., PCR, Sanger sequencing methods, etc.) is critical, as it is 
from this terminus that extension of the nascent strand begins. Degradation of the 3'end of a 
primer results in loss of specificity in the priming reaction (i. e., the shorter the primer, the 
more likely that non-specific priming will occur). 

Degradation of an oligonucleotide primer by a 3'to 5 ! exonuclease can be prevented by use of 
nucleotides modified at their 3 ! terminus. For example, use of dideoxynucleotides or 
deoxynucleo tides having a phosphorothiolate linkage between nucleotides at the 3 'terminus 
of an oligonucleotide can prevent degradation by 3'to 5 ! exonucleases. However, the need to 
use modified nucleotides to prevent degradation of oligonucleotides by a 3 ? to 5'exonuclease 
increases the time and cost required to prepare oligonucleotide primers. 

A few examples of thermostable polymerases lacking both 5'to 3 f exonuclease and 3' to 
5'exonuclease are known. As discussed above, the Stoffel fragment of Taq DNA polymerase 
lacks the 5 f to 3'exonuclease activity due to genetic manipulation and no 3'to 5' activity is 
present, as Taq polymerase is naturally lacking in 3'to 5'exonuclease activity. 

Likewise, Tth polymerase naturally lacks 3'to 5 f exonuclease activity and deletion nucleotide 
sequence encoding N-terminal amino acids can be used to remove 5'to 3 f exonuclease activity. 

Despite development of recombinant enzymes such as Stoffel fragment, there remains a need 
for other thermostable polymerases having improved characteristics for various applications. 
For example, some thermostable polymerases possess reverse transcriptase activity and they 
find use in reverse transcription methods since elevated temperatures help the enzyme to 
proceed through regions of the RNA which at lower temperatures would possess secondary 
structure. However, reverse transcription by thermostable DNA polymerases is often 
dependent on manganese. Unfortunately, the presence of manganese ions can cause higher 
rates of infidelity and damage to polynucleotides. Accordingly, what is needed in the art are 
improved thermostable DNA polymerases with enhanced properties, such as reverse 
transcriptase activity in the presence of magnesium. 

SUMMARY OF THE INVENTION The present invention relates to purified thermostable 
Thermoactitzoinyces vulgaris (Tvu) DNA polymerase. The present invention is not limited to 
any particular nucleic acid or amino acid sequence. Indeed, a variety of nucleic acid 
sequences encoding full-length, mutant, and truncated Tvu DNA polymerases are 
contemplated. The present invention also provides methods for the isolation of purified 
preparations of Tvu DNA polymerases. The origin of the Tvu DNA polymerases of the 
present invention is not limited to any particular source. Tvu DNA polymerases may be 
isolated from Tvu cells (i. e., native) or from host cells expressing nucleic acid sequences 
encoding Tvu DNA polymerase (i. e., recombinant). 

In one embodiment, the present invention contemplates an isolated and purified, native 
thermostable Tvu DNA polymerase that has DNA synthesis activity. In another embodiment, 
the purified, native Tvu DNA polymerase has 5 f to 3 f exonuclease activity. 
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A contemplated isolated and purified, native Tvu DNA polymerase enzyme is at least 85 
percent pure, in a more preferred embodiment the enzyme is at least 90 percent pure, and in a 
most preferred embodiment the enzyme is at least 95 percent pure, as determined by gel 
electrophoresis followed by staining or autoradiography then and laser scanning 
densitometry. 

In another embodiment, the purified, native Tvu DNA polymerase exhibits reverse 
transcriptase activity in the presence of either magnesium ions or manganese ions. In a 
preferred embodiment, the purified, native Tvu DNA polymerase exhibits elevated reverse 
transcriptase activity in the presence of magnesium ions in comparison to reverse 
transcriptase activity in the presence of manganese ions. In still another embodiment, reverse 
transcriptase activity in the presence magnesium ions is manganese ion-independent. 

In one embodiment, the present invention contemplates a purified, recombinant thermostable 
Tvu DNA polymerase that has DNA synthesis activity. In another embodiment,, the purified, 
recombinant Tvu DNA polymerase has 5 f to 3'exonuclease activity. A contemplated 
recombinant Tvu DNA polymerase has similar 5 ! to 3'exonuclease activity as compared to 
native Tvu DNA polymerase. In another embodiment, the recombinant Tins DNA 
polymerase is mutant and has reduced 5'to 3 ! exonuclease activity as compared to the 5 ! to 
3'exonuclease activity of wild-type Tvu DNA polymerase. In another embodiment, the 
mutant Tvu polymerase is substantially free of 5'to 3'exonuclease activity. 

In a preferred embodiment, the purified, recombinant Tvu DNA polymerase enzyme is at 
least 80 percent pure, in a more preferred embodiment, the enzyme is at least 90 percent 
pure, and in a most preferred embodiment, the enzyme is at least 95 percent pure, as 
determined by gel electrophoresis followed by staining or autoradiography and then laser 
scanning densitometry. 

In another embodiment, the purified, recombinant Tvu DNA polymerase exhibits reverse 
transcriptase activity in the presence of either magnesium ions or manganese ions. In still 
other embodiments, reverse transcriptase activity in the presence magnesium ions is 
substantially manganese ion-independent. 

The present invention further provides nucleic acids encoding thermostable Tvu DNA 
polymerases. The present invention is not limited to any particular form of nucleic acid. In 
some embodiments, the nucleic acid is DNA. In other embodiments, the nucleic acid is RNA. 

Preferred contemplated Tvu DNA polymerase enzymes are encoded by the oligonucleotide 
having the sequence of SEQ ID NO : 1 , or the truncated DNA coding sequence of SEQ ID 
NO : 3 or the truncated DNA coding sequence of SEQ ID NO : 5 or variants thereof. 

However, the present invention is not limited to any one sequence. Indeed, a variety of 
variant nucleic acid sequences are contemplated. In some embodiments, the nucleic acid 
encoding thermostable Tvu DNA polymerases is mutated to encode a polymerase that is 
substantially free of 5'to 3'exonuclease activity. A DNA variant encoding Tvu DNA 
polymerase with DNA synthesis activity can have either conservative or non-conservative 
amino acid substitutions. 

In some embodiments, the nucleic acid sequence is selected from sequences that hybridize to 
SEQ ID NO : 1 under high stringency conditions and sequences that hybridize to the 
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complementary sequence of SEQ ID NO : 1 under high stringency conditions. 

In other embodiments, the present invention provides purified oligonucleotides of at least 15 
consecutive nucleotides of the nucleic acid of SEQ ID NO : 1 or complementary to at least 
15 consecutive nucleotides of the nucleic acid sequence of SEQ ID NO : 1. 

In some embodiments, these oligonucleotides of at least 15 consecutive nucleotides of SEQ 
ID NO : 1 or its complement are used to amplify the nucleic acid of SEQ ID NO : 1 and 
variants or homologs thereof In still other embodiments, the oligonucleotides are used to 
identify homologs or variants of the nucleic acid sequence of SEQ ID NO : 1 by 
hybridization procedures. 

The present invention also provides recombinant DNA vectors or expression vectors 
comprising nucleic acid sequences that encode a thermostable Tvu DNA polymerase having 
DNA synthesis activity. In some embodiments, the polymerase-encoding nucleic acid 
sequence is set forth in SEQ ID NO : 1 or a DNA variant thereof. The DNA variant is as 
discussed above. In other embodiments, the recombinant DNA vector contains a mutant 
nucleic acid sequence set forth in SEQ ID NO : 3 and 5, or a DNA variant thereof, encoding 
a thermostable Tvu DNA polymerase that is substantially free of 5'to 3 , exonuclease activity. 

A variant nucleic acid sequence is a sequence that encodes an amino acid residue sequence 
that is at least 95 percent or more identical to the sequence of a Tvu DNA polymerase of 
SEQ ID NOs. 2, 4, or 6. 

In further embodiments, the vector comprises a recombinant nucleic acid selected from 
nucleic acids that hybridize to SEQ ID NO : 1 , 3, or 5 or DNA variants thereof under 
conditions of medium or high stringency. In still further embodiments, the vector comprises a 
prokaryotic origin of replication. In other embodiments, the vector further comprises a 
promoter or enhancer sequence operably linked to the recombinant nucleic acid encoding 
Tvu DNA polymerase. Optionally, the promoter is inducible by an exogenously supplied 
agent, most preferably the promoter is induced by exogenously supplied IPTG. In some 
embodiments, the vector further comprises a selectable marker. 

The present invention further contemplates host cells transformed with a vector comprising a 
nucleic acid sequence (or a variant thereof) encoding a Tvu DNA polymerase capable of 
DNA synthesis activity. The invention is not limited by the choice of host cell ; host cells 
may comprise prokaryotic or eukaryotic cells. In some embodiments, the host cell is a 
bacterial cell (e. g., an E. coli cell). In other embodiments the host cell is a mammalian cell, 
yeast cell, or insect cell. 

The invention further provides methods for determining the DNA sequence of a segment or 
portion of a DNA molecule using the Tvu DNA polymerases of the invention. 

Traditional (i. e., Sanger) as well as other methods, including but not limited to, chain 
termination sequencing or thermal cycle sequencing protocols benefit from the use of the 
Tvu DNA polymerases of the invention. Thus, for example, in some embodiments, 
dideoxynucleotide (ddNTP) chain termination sequencing protocols are used in conjunction 
with the polymerases of the invention. 

Accordingly, in some embodiments, the present invention provides methods for determining 
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the nucleotide base sequence of a DNA molecule comprising the steps of a) providing in any 
order : i) a reaction vessel (e. g., any suitable container such as a microcentrifuge tube or a 
microtiter plate) ; ii) at least one deoxynucleoside triphosphate ; iii) a thermostable Tvu DNA 
polymerase ; iv) at least one DNA synthesis terminating agent that terminates DNA synthesis 
at a specific nucleotide base ; v) a first DNA molecule ; and vi) at least one primer capable of 
hybridizing to the first DNA molecule ; b) adding to the reaction vessel, in any order, the 
deoxynucleoside triphosphate, DNA polymerase, DNA synthesis terminating agent, first 
DNA molecule, and the primer so as to form a reaction mixture, under conditions such that 
the primer hybridizes to the DNA molecule, and the DNA polymerase is capable of 
conducting primer extension to produce a population of DNA molecules complementary to 
the first DNA molecule ; and c) determining at least a part of the nucleotide base sequence of 
the first DNA molecule. As the present invention encompasses any order of addition that 
permits the primer to hybridize to the DNA molecule and the DNA polymerase to be capable 
of conducting primer extension, the methods of the present invention are not limited by the 
order in which the reaction components are added to the reaction vessel. In a preferred 
embodiment, the DNA polymerase is added last. The conditions that permit the primer to 
hybridize to the DNA molecule, and allow the DNA polymerase to conduct primer extension 
may comprise the use of a buffer. 

In one embodiment, the sequencing method uses a native Tvu DNA polymerase. In an 
alternative embodiment the sequencing method uses a recombinant DNA polymerase. 

In an alternative embodiment, the conditions of the method comprise heating the mixture. In 
another embodiment, the method further comprises cooling the mixture to a temperature at 
which the thermostable DNA polymerase conducts primer extension. In a particularly 
preferred embodiment, the method further comprises one or more cycles of heating and then 
cooling. In yet another embodiment of the method, the reaction mixture comprises 7-deaza 
dGTP, dATP, dTTP and dCTP. 

It is contemplated that various DNA synthesis terminating agents are useful in the present 
invention. In a preferred embodiment, the DNA synthesis terminating agent is a 
dideoxynucleoside triphosphate. In a particularly preferred embodiment, the 
dideoxynucleoside triphosphate is selected from the group consisting of ddGTP, ddATP, 
ddTTP and ddCTP. 

It is also contemplated that the primer used in the sequencing method of the present invention 
is labelled. In a preferred embodiment, the primer is labelled with 32p, 33p, 35S, enzyme, or 
fluorescent molecule. It is also contemplated that reactants other than the primer used in the 
method of the present invention are labelled. For example, in one embodiment, one 
deoxynucleoside triphosphate is labelled. In a preferred form of this embodiment, the 
deoxynucleoside triphosphate is labelled with 32p, 33p, 35S, enzyme, or a fluorescent 
molecule. 

It is further contemplated that additional steps or sub-steps will be incorporated into the 
sequencing method of the present invention. For example, in one embodiment, step b) further 
comprises adding a thermostable pyrophosphatase to the reaction mixture. In a preferred 
form of this embodiment, the thermostable pyrophosphatase is Tlr. ernnus thermophilus 
pyrophosphatase. In some embodiments, the method uses a mixture or blend comprising a 
Tvu DNA polymerase and a thermostable pyrophosphatase. 
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The present invention also provides kits, for example, for determining the nucleotide base 
sequence of a DNA molecule comprising : a) a thermostable Tvu DNA polymerase ; and b) 
at least one nucleotide mixture comprising deoxynucleoside triphosphates and one 
dideoxynucleoside triphosphate. In a preferred embodiment, the polymerase of the kit is a 
non~naturally occurring DNA polymerase. It is also contemplated that the mutant Tvu DNA 
polymerase is substantially free of significant 5'exonuclease activity. In another embodiment, 
the mutant Tvu DNA polymerase of the kit is substantially free of 3' exonuclease activity. 

In an alternative embodiment, the kit of the present invention contains a first nucleotide 
mixture, a second nucleotide mixture, a third nucleotide mixture, and a fourth nucleotide 
mixture, with the first nucleotide mixture comprising ddGTP, 7-deaza dGTP, dATP, dTTP 
and dCTP, the second nucleotide mixture comprising ddATP, 7-deaza dGTP, dATP, dTTP 
and dCTP, the third nucleotide mixture comprising ddTTP, 7-deaza dGTP, dATP, dTTP and 
dCTP and the fourth nucleotide mixture ddCTP, 7-deaza dGTP, dATP, dTTP and dCTP. It is 
also contemplated that the kit of this embodiment further comprises a thermostable 
pyrophosphatase. In a particularly preferred embodiment, the thermostable pyrophosphatase 
is Tth pyrophosphatase. In preferred embodiments, the kit contains a mixture or blend 
comprising a Tvu DNA polymerase and a thermostable pyrophosphatase. 

The present invention also provides methods for amplifying a double stranded DNA 
molecule, comprising the steps of : a) providing : i) a first DNA molecule comprising a first 
strand and a second strand, wherein the first and second strands are complementary to one 
another ; ii) a first primer and a second primer, wherein the first primer is complementary to 
the first DNA strand, and the second primer is complementary to the second DNA strand ; 
and iii) a first thermostable DNA polymerase derived from the eubacterium 
Thermoactirzonlyces vulgaris ; and b) mixing the first DNA molecule, first primer, second 
primer, and polymerase to form a reaction mixture under conditions such that a second DNA 
molecule comprising a third strand and a fourth strand are synthesized, with the third strand 
having a region complementary to the first strand and the fourth strand having a region 
complementary to the second strand. The method of the present invention is not limited by 
the source of the first DNA molecule. In a preferred embodiment, the first DNA molecule is 
present in a genomic DNA mixture (e. g., in genomic DNA extracted from an organism, 
tissue or cell line). In alternative embodiments, the first DNA molecule is derived from an 
RNA molecule by means of reverse transcription (RT). The newly synthesized DNA 
molecule (cDN A) then serves as substrate in a subsequent amplification reaction (PCR). The 
conditions that permit the primer to hybridize to the DNA molecule, and allow the DNA 
polymerase, either alone or in combination with another thermostable DNA polymerase, to 
conduct primer extension may comprise the use of a buffer. 

In one embodiment, the method conditions comprise heating the mixture. In an alternative 
embodiment, the method further comprises cooling the mixture to a temperature at which the 
thermostable Tvu DNA polymerase, either alone or in combination with another 
thermostable DNA polymerase, can conduct primer extension. In a particularly preferred 
embodiment, the method comprises repeating the heating and cooling the mixture one or 
more times. 

It is also contemplated that the Tvu DNA polymerase of the method will have various 
properties. It is therefore contemplated that in one embodiment of the method, the 
polymerase is substantially free of 5 ! to 3'exonuclease activity. In another embodiment, the 
polymerase is substantially free of both 5'to 3 f exonuclease and 3 to 5'exonuclease activity. 
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In other embodiments, the polymerase has reverse transcriptase activity in the presence of 
either magnesium or manganese ions. In still other embodiments, the reverse transcriptase 
activity in presence of magnesium ions is substantially manganese ion-independent. 

The present invention has many benefits and advantages, several of which are listed below. 

One benefit of the invention is that the thermostable Tvu DNA polymerase enzyme can be 
used for processes of high temperature nucleic acid amplification and sequencing without 
substantial loss of DNA synthesis activity. 

An advantage of the invention is that the enzyme can be used to perform high temperature 
reverse transcription in the absence of manganese ions. 

A further advantage of the invention is that the enzyme can be used in high throughput 
robotically-manipulated procedures because greater enzymatic stability is retained at room 
temperature. 

Still further benefits and advantages will be apparent to the worker of ordinary skill from the 
disclosure that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS Figure 1 provides a schematic representation 
of the 5 ! to 3'exonuclease, 3'to 5 1 exonuclease and polymerase domains of several DNA 
polymerases. 

Figure 2 illustrates the single letter code alignment of amino acid residue sequences from 
three regions within the 3 f to 5'exonuclease domain of selected DNA polymerases as well as a 
consensus sequence of identical residues present in all three enzymes, wherein dashes in a 
sequence represent residues absent. 

Figure 3 provides the single letter code nucleotide for the DNA sequence encoding full- 
length Tvu DNA polymerase (SEQ ID NO : 1). 

Figure 4 provides the predicted amino acid sequence of full-length Tvu DNA polymerase 
(SEQ ID NO : 2). 

Figure 5 provides the DNA sequence encoding the 5'to 3'exonuclease deletion mutant form 
of Tvu DNA polymerase called M285. This DNA sequence encodes the enzyme beginning at 
the nucleotides encoding the methionine amino acid at position 285 of wild type Tvu DNA 
polymerase and ending at the termination codon of the wild type enzyme (SEQ ID NO : 3). 

Figure 6 provides the predicted amino acid sequence of M285 Tvu DNA polymerase (SEQ 
ID NO : 4). 

Figure 7 provides the DNA sequence encoding the 5'to 3'exonuclease deletion mutant form 
of Tvu DNA polymerase called T289M. This DNA sequence encodes the enzyme beginning 
at amino acid 289 of the wild type Tvu DNA polymerase, mutated to encode a methionine 
instead of threonine that appears at this position in wild type, and ending at the termination 
codon of the wild type enzyme (SEQ ID NO : 5). 

Figure 8 provides the predicted amino acid sequence of T289M Tvu DNA polymerase (SEQ 
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ID NO : 6). 

DEFINITIONS To facilitate understanding of the invention, a number of terms are defined 
below. 

The term"gene ,! as used herein, refers to a DNA sequence that comprises control and coding 
sequences necessary for the production of a polypeptide or protein precursor. The 
polypeptide can be encoded by a full length coding sequence or by any portion of the coding 
sequence, as long as the desired protein activity is retained. 

"Nucleoside", as used herein, refers to a compound consisting of a purine [guanine (G) or 
adenine (A)] or pyrimidine [thymine (T), uridine (U), or cytidine (C)] base covalently linked 
to a pentose, whereas"nucleotide"refers to a nucleoside phosphorylated at one of its pentose 
hydroxyl groups. 

A"nucleic acid", as used herein, is a covalently linked sequence of nucleotides in which the 
3 'position of the pentose of one nucleotide is joined by a phosphodi ester group to the 
5 ! position of the pentose of the next, and in which the nucleotide residues (bases) are linked 
in specific sequence ; i. e., a linear order of nucleotides. A"polynucleotide", as used herein, is 
a nucleic acid containing a sequence that is greater than about 1 00 nucleotides in length. 
An"oligonucleotide", as used herein, is a short polynucleotide or a portion of a 
polynucleotide. An oligonucleotide typically contains a sequence of about two to about one 
hundred bases. The word"oligo"is sometimes used in place of the word"oligonucleotide". 

Nucleic acid molecules are said to have a"5 f -terminus" (5'end) and a"3 f -terminus" (3 ! end) 
because nucleic acid phosphodiester linkages occur to the 5'carbon and 3'carbon of the 
pentose ring of the substituent mononucleotides. The end of a polynucleotide at which a new 
linkage would be to a 5'carbon is its 5 ! terminal nucleotide. The end of a polynucleotide at 
which a new linkage would be to a 3'carbon is its 3'terminal nucleotide. 

A terminal nucleotide, as used herein, is the nucleotide at the end position of the 3 ? -or 5'- 
terminus. 

DNA molecules are said to have"5'ends ,l and"3 l ends"because mononucleotides are reacted to 
make oligonucleotides in a manner such that the 5'phosphate of one mononucleotide pentose 
ring is attached to the 3'oxygen of its neighbor in one direction via a phosphodiester linkage. 
Therefore, an end of an oligonucleotides referred to as the"5 f end"if its 5'phosphate is not 
linked to the 3 f oxygen of a mononucleotide pentose ring and as the '^'end^f its 3'oxygen is 
not linked to a 5 'phosphate of a subsequent mononucleotide pentose ring. 

As used herein, a nucleic acid sequence, even if internal to a larger oligonucleotide or 
polynucleotide, also may be said to have 5 ! and 3 f ends. In either a linear or circular DNA 
molecule, discrete elements are referred to as being"upstream"or 5'of the"downstream"or 
3 ! elements. This terminology reflects the fact that transcription proceeds in a 5 f to 3 1 fashion 
along the DNA strand. Typically, promoter and enhancer elements that direct transcription of 
a linked gene are generally located 5'or upstream of the coding region. 

However, enhancer elements can exert their effect even when located 3 f of the promoter 
element and the coding region. Transcription termination and polyadenylation signals are 
located 3 f or downstream of the coding region. 
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Polypeptide molecules are said to have an n amino terminus" (N-terminus) and a "carboxy 
terminus" (C-terminus) because peptide linkages occur between the backbone amino group 
of a first amino acid residue and the backbone carboxyl group of a second amino acid 
residue. Typically, the terminus of a polypeptide at which a new linkage would be to the 
carboxy-terminus of the growing polypeptide chain, and polypeptide sequences are written 
from left to right beginning at the amino terminus. 

The term"wild-type"as used herein, refers to a gene or gene product that has the 
characteristics of that gene or gene product isolated from a naturally occurring source. A 
wild-type gene is that which is most frequently observed in a population and is thus 
arbitrarily designated the"wild-type"form of the gene. In contrast, the term"mutant"refers to a 
gene or gene product that displays modifications in sequence and/or functional properties (i. 
e., altered characteristics) when compared to the wild-type gene or gene product. It is noted 
that naturally-occurring mutants can be isolated ; these are identified by the fact that they 
have altered characteristics when compared to the wild-type gene or gene product. The wild- 
type form of the coding region for the Tvu DNA polymerase is shown in SEQ ID NO : 1 ; 
the wild-type form of the Tvu DNA polymerase protein is shown in SEQ ID NO : 2. Tvu 
DNA polymerase proteins encoded by"mutant"genes are referred to as"variant"Tvu DNA 
polymerases. Tvu DNA polymerase proteins encoded by"modified"or"mutant" genes are 
referred to as"non-naturally. occurring"or"variant"Tvu DNA polymerases. Tvu DNA 
polymerase proteins encoded by the wild- type Tvu DNA polymerase gene (i. e., SEQ ID 
NO : 1) are referred to as fl naturally occurring'Tvu DNA polymerases. 

As used herein, the term"sample template"refers to a nucleic acid originating from a sample 
which is analyzed for the presence of target" (defined below). In contrast, "background 
template"is used in reference to nucleic acid other than sample template, which may or may 
not be present in a sample. Background template is most often inadvertent. It may be the 
result of carryover, or it may be due to the presence of nucleic acid contaminants sought to be 
purified away from the sample. For example, nucleic acids other than those to be detected 
may be present as background in a test sample. 

As used herein, the term"primer"refers to an oligonucleotide, whether occurring naturally (e. 
g., as in a purified restriction digest) or produced synthetically, which is capable of acting as 
a point of initiation of nucleic acid synthesis when placed under conditions in which 
synthesis of a primer extension product which is complementary to a nucleic acid strand is 
induced (i.e., in the presence of nucleotides, an inducing agent such as DNA polymerase, 
and under suitable conditions of temperature and pH). The primer is preferably single- 
stranded for maximum efficiency in amplification, but may alternatively be double- stranded. 
If double-stranded, the primer is first treated to separate its strands before being used to 
prepare extension products. Preferably, the primer is an oligodeoxyribonucleotide. 

The primer must be sufficiently long to prime the synthesis of extension products in the 
presence of the inducing agent. The exact lengths of the primers will depend on many 
factors, including temperature, source of primer and use of the method. 

A primer is said to be"capable of hybridizing to a DNA molecule"if that primer is capable of 
annealing to the DNA molecule ; that is the primer shares a degree of complementarity with 
the DNA molecule. The degree of complementarity can be, but need not be, complete (i.e., 
the primer need not be 100% complementary to the DNA molecule). 
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Indeed, when mutagenic PCR is to be conducted, the primer will contain at least one 
mismatched base which cannot hybridize to the DNA molecule. Any primer which can 
anneal to and support primer extension along a template DNA molecule under the reaction 
conditions employed is capable of hybridizing to a DNA molecule. 

As used herein, the terms 11 complementary" or" complementarity" are used in reference to a 
sequence of nucleotides related by the base-pairing rules. For example, for the sequence 
5 f "A-G-T"3', is complementary to the sequence 3 ! "T-C-A"5 f . Complementarity may be 
"partial,"in which only some of the nucleic acids'bases are matched according to the base 
pairing rules. Or, there may be"complete"or"totar'complementarity between the nucleic 
acids. The degree of complementarity between nucleic acid strands has significant effects on 
the efficiency and strength of hybridization between nucleic acid strands. This is of particular 
importance in amplification reactions, as well as detection methods which depend upon 
hybridization of nucleic acids. 

As used herein, the term"probe"refers to an oligonucleotide (i. e., a sequence of nucleotides), 
whether occurring naturally (e. g., as in a purified restriction digest) or produced 
synthetically, recombinant^ or by PCR amplification, which is capable of hybridizing to 
another oligonucleotide of interest. A probe may be single-stranded or double-stranded. 

Probes are useful in the detection, identification and isolation of particular gene sequences. It 
is contemplated that the probe used in the present invention is labeled with any"reporter 
molecule,"so that it is detectable in a detection system, including, but not limited to enzyme 
(i. e., ELISA, as well as enzyme-based histochemical assays), fluorescent, radioactive, and 
luminescent systems. It is not intended that the present invention be limited to any particular 
detection system or label. The terms"reporter molecule"and"label"are used herein 
interchangeably. In addition to probes, primers and deoxynucleoside triphosphates may 
contain labels ; these labels may comprise, but are not limited to, 3zP, 33P, 35S, enzymes, or 
fluorescent molecules (eg., fluorescent dyes). 

As used herein, the term"target,"when used in reference to the polymerase chain reaction, 
refers to the region of nucleic acid of interest bounded by the primers. In PCR, this is the 
region amplified and/or identified. Thus, the"target"is sought to be isolated from other 
nucleic acid sequences. A"segment"is defined as a region of nucleic acid within the target 
sequence. 

As used herein, the term"polymerase chain reaction" ("PCR") refers to the method described 
in U. S. Patent Nos. 4, 683, 195, 4, 889, 818, and 4, 683, 202, all of which are hereby 
incorporated by reference. These patents describe methods for increasing the concentration of 
a segment of a target sequence in a mixture of genomic DNA without cloning or purification. 

This process for amplifying the target sequence consists of introducing a large excess of two 
oligonucleotide primers to the DNA mixture containing the desired target sequence, followed 
by a precise sequence of thermal cycling in the presence of a DNA polymerase (e. g., Taq). 

The two primers are complementary to their respective strands of the double stranded target 
sequence. To effect amplification, the mixture is denatured and the primers then annealed to 
their complementary sequences within the target molecule. Following annealing, the primers 
are extended with a polymerase so as to form a new pair of complementary strands. The steps 
of denaturation, primer annealing and polymerase extension can be repeated many times (i. 
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e., denaturation, annealing and extension constitute one" cycle" ; there can be numerous 
"cycles") to obtain a high concentration of an amplified segment of the desired target 
sequence. The length of the amplified segment of the desired target sequence is determined 
by the relative positions of the primers with respect to each other, and therefore, this length is 
a controlable parameter. By virtue of the repeating aspect of the process, the method is 
referred to as the"polymerase chain reaction" (hereinafter'TCR"). Because the desired 
amplified segments of the target sequence become the predominant sequences (in terms of 
concentration) in the mixture, they are said to be'TCR amplified." With PCR, it is possible to 
amplify a single copy of a specific target sequence in genomic DNA to a level detectable by 
several different methodologies (i. e., hybridization with a labeled probe ; incorporation of 
biotinylated primers followed by avidin-enzyme conjugate detection ; incorporation of 32P- 
labeled deoxynucleotide triphosphates, such as dCTP or dATP, into the amplified segment). 
In addition to genomic DNA, any oligonucleotide sequence can be amplified with the 
appropriate set of primer molecules. In particular, the amplified segments created by the PCR 
process itself are, themselves, efficient templates for subsequent PCR amplifications. 

As used herein, the terms'TCR product"and"PCR fragment"refer to the resultant mixture of 
compounds after two or more cycles of the PCR steps of denaturation, annealing and 
extension are complete. These terms encompass the case where there has been amplification 
of one or more segments of one or more target sequences. 

A DNA polymerase is said herein to be"derived from the eubacterium T. vulgaris"if that 
polymerase comprises all or a portion of the amino acid sequence of the Tvu DNA 
polymerase of SEQ ID NO : 2 and maintains DNA synthesis activity. DNA polymerases 
derived from T. vulgaris include the native Tvu DNA polymerase isolated from T. vulgaris 
cells, as well as recombinant Tvu DNA polymerases encoded by the wild-type Tvu DNA 
polymerase gene (SEQ ID NO : 1) or mutant or variants thereof which maintain DNA 
synthesis activity. 

The term"full-length thermostable Tvu DNA polymerase"as used herein, refers to a DNA 
polymerase that encompasses essentially every amino acid encoded by the Tvu DNA 
polymerase gene (SEQ ID NO : 1). One skilled in the art knows there are subtle 
modifications of some proteins in living cells so that the protein is actually a group of closely 
related proteins with slight alterations. For example, some but not all proteins : a) have amino 
acids removed from the amino-terminus ; andlor b) have added chemical groups (e. g., 
glycosylation groups). These modifications may result in molecular weight increases or 
decreases. These types of modifications are typically heterogenous. Thus, not all 
modifications occur in every molecule. Thus, the natural"full-length"molecule may actually 
be a family of molecules that start from the same amino acid sequence but have small 
differences in their modifications. The term"full-length thermostable Tvu DNA polymerase" 
encompasses such a family of molecules. The Tvu DNA polymerase gene encodes a protein 
of 876 amino acids having a predicted molecular weight of 96. 3 kilodaltons (kD). As shown 
in the Examples below, the full-length polymerase migrates with an apparent molecular 
weight of about 97 kD on a 4-20% gradient Tris-glycine PAGE. 

The term"high fidelity polymerase"refers to DNA polymerases with error rates of 5 x 10-6 
per base pair or lower. Examples of high fidelity DNA polymerases include the Tli DNA 
polymerase derived from Thermococcus litoralis (Promega, Madison WI ; New England 
Biolabs, Beverly MA), Pfu DNA polymerase derived from Pyrococcusfuriosus (Stratagene, 
San Diego, CA), and Pwo DNA polymerase derived from Pyrococcus woesii (Boehringer 
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Mannheim). The error rate of a DNA polymerase may be measured using assays known to 
the art. 

The term !, recombinant protein"or"recombinant polypeptide" as used herein refers to a protein 
molecule expressed from a recombinant DNA molecule. In contrast, the term "native 
protein"is used herein to indicate a protein isolated from a naturally occurring (i. e., a 
nonrecombinant) source. Molecular biological techniques may be used to produce a 
recombinant form of a protein with identical properties as compared to the native form of the 
protein. The term"rTvu"is used to designate a recombinant form of Tvu polymerase. The 
term"nTvu"is used to designate the native form of Tvu polymerase. The term"Tvu 
polymerase"encompasses both nTvu and rTvu polymerase. 

As used herein in reference to an amino acid sequence or a protein, the term"portion" (as in" a 
portion of an amino acid sequence") refers to fragments of that protein. The fragments may 
range in size from four amino acid residues to the entire amino acid sequence minus one 
amino acid. When used in relation to Tvu polymerases, the fragments may range in size from 
greater than or equal to about 300 amino acid residues, more preferably greater than or equal 
to about 400 amino acid residues, most preferably greater to or equal to about 500 amino 
acids to the entire amino acid sequence minus one amino acid. Particularly preferred 
fragments of Tvu polymerases retain one or more of the enzymatic activities associated with 
the wild-type Tvu polymerase (i. e., 5'exonuclease, 3'exonuclease and/or polymerization 
activity) As used herein, the term"fusion protein"refers to a chimeric protein containing the 
protein of interest (e. g., Tvu DNA polymerases and fragments thereof) joined to an 
exogenous protein fragment (e. g., the fusion partner which consists of a non-Tvu polymerase 
protein). 

The fusion partner may enhance the solubility of Tvu polymerase protein as expressed in a 
host cell, may provide an affinity tag to allow purification of the recombinant fiision protein 
from the host cell or culture supernatant, or both. If desired, the fusion protein may be 
removed from the protein of interest (e. g., Tvu DNA polymerase or fragments thereof) by a 
variety of enzymatic or chemical means know to the art. 

The terms"DNA polymerase activity,""synthesis activity"and"polymerase activity" are used 
interchangeably and refer to the ability of a DNA polymerase to synthesize new DNA strands 
by the incorporation of deoxynucleoside triphosphates. The examples below provide assays 
for the measurement of DNA polymerase activity, although a number of such assays are 
known in the art. A protein capable of directing the synthesis of new DNA strands by the 
incorporation of deoxynucleoside triphosphates in a template-dependent manner is said to 
be"capable of DNA synthesis activity." The term"5'to 3'exonuclease activity"refers to the 
presence of an activity in a protein that is capable of removing nucleotides from the 5 f end of 
an oligonucleotide. This 5 ? to 3 f exonuclease activity may be measured using any of the assays 
provided herein or known in the art. The term" substantially free of 5'to 3'exonuclease 
activity"indicates that the protein has less than about 5% of the 5'to 3'exonuclease activity of 
wild-type Tvu, preferably less than about 3% of the 5'to 3'exonuclease activity of wild-type 
Tvu, and most preferably no detectable 5 f to 3'exonuclease activity. 

The term"3 f to 5'exonuclease activity"refers to the presence of an activity in a protein that is 
capable of removing nucleotides from the 3 ! end of an oligonucleotide. The 3' to 
5'exonuclease activity may be measured using any of the assays provided herein or known in 
the art. The term"substantially free of 3 f to 5'exonuclease activity" indicates that the protein 
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has less than about 5% of the 3'to 5'exonuclease activity of wild-type Tvu, preferably less 
than about 3% of the 3 f to 5 f exonuclease activity of wild-type Tvu, and most preferably no 
detectable 3'to 5 ! exonuclease activity. 

The ternTreduced levels of 5'to 3'exonuclease f, is used in reference to the level of 5'to 
3'exonuclease activity displayed by the wild-type Tvu DNA polymerase (i. e., the polymerase 
of SEQ ID NO ; 2) and indicates that the mutant polymerase exhibits lower levels of 5 f to 
3'exonuclease than does the full-length or modified enzyme. 

A polymerase which"lacks significant 5 f to 3 ! exonuclease"is a polymerase which exhibits less 
than about 5% of the 5'to 3'exonuclease activity of wild-type polymerases, preferably less 
than about 3% of the 5'to 3'exonuclease activity of wild-type polymerases, and most 
preferably no detectable 5 f to 3'exonuclease activity. 

The ternTreverse transcriptase activity" and"reverse transcription"refers to the ability of an 
enzyme to synthesize a DNA strand (i. e., complementary DNA, cDNA) utilizing an RNA 
strand as a template. The term"substantially manganese ion independent,"when used in 
reference to reverse transcriptase activity, refers to reverse transcriptase activity in a reaction 
mix that contains a low proportion (i. e., less than about 5% of. the concentration) of 
manganese compared to magnesium. 

A"DNA synthesis terminating agent which terminates DNA synthesis at a specific nucleotide 
base"refers to compounds, including but not limited to, dideoxynucleosides having a 2\ 
3'dideoxy structure (e. g., ddATP, ddCTP, ddGTP and ddTTP). It is contemplated that any 
compound capable of specifically terminating a DNA sequencing reaction at a specific base 
may be employed as a DNA synthesis terminating agent. 

The terms"cell,""cell line,""host cell, lf as used herein, are used interchangeably, and all such 
designations include progeny or potential progeny of these designations. The words 
,! transformants' l or , 'transformed cells"include the primary transformed cells derived from that 
cell without regard to the number of transfers. All progeny may not be precisely identical in 
DNA content, due to deliberate or inadvertent mutations. Nonetheless, mutant progeny that 
have the same functionality as screened for in the originally transformed cell are included in 
the definition of transformants. 

The present invention provides Tvu polymerases expressed in either prokaryotic or 
eukaryotic host cells. Nucleic acid encoding the Tvu polymerase may be introduced into 
bacterial host cells by a number of means including transformation of bacterial cells made 
competent for transformation by treatment with calcium chloride or by electroporation. In 
embodiments in which Tvu polymerases are to be expressed in the host cells, nucleic acid 
encoding the Tvu polymerase may be introduced into eukaryotic host cells by any suitable 
means, including calcium phosphate co-precipitation, spheroplast fusion, electroporation and 
the like. When the eukaryotic host cell is a yeast cell, transformation may be accomplished 
by such methods as treatment of the host cells with lithium acetate or by electroporation. 

The term !t transfection"as used herein refers to the introduction of foreign DNA into 
eukaryotic cells. Transfection may be accomplished by a variety of means known to the art 
including calcium phosphate-DNA co-precipitation, DEAE-dextran-mediated transfection, 
polybrene-mediated transfection, electroporation, microinjection, liposome fusion, 
lipofection, protoplast fusion, retroviral infection, and biolistics. 
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Nucleic acids are known to contain different types of mutations. A"point"mutation refers to 
an alteration in the sequence of a nucleotide at a single base position from the wild type 
sequence. Mutations may also refer to insertion or deletion of one or more bases, so that the 
nucleic acid sequence differs from the wild-type sequence. 

The term"homology"refers to a degree of complementarity. There may be partial homology 
or complete homology (i. e., identity). A partially complementary sequence is one that at 
least partially inhibits a completely complementary sequence from hybridizing to a target 
nucleic acid is referred to using the functional term"substantially homologous."The inhibition 
of hybridization of the completely complementary sequence to the target sequence may be 
examined using a hybridization assay (Southern or Northern blot, solution hybridization and 
the like) under conditions of low stringency. A substantially homologous sequence or probe 
will compete for and inhibit the binding (i. e., the hybridization) of a completely homologous 
to a target under conditions of low stringency. This is not to say that conditions of low 
stringency are such that non-specific binding is permitted ; low stringency conditions require 
that the binding of two sequences to one another be a specific (i.e., selective) interaction. 
The absence of non-specific binding may be tested by the use of a second target which lacks 
even a partial degree of complementarity (e. g., less than about 30% identity). In this case, in 
the absence of non-specific binding, the probe will not hybridize to the second non- 
complementary target. 

When used in reference to a double-stranded nucleic acid sequence such as a cDNA or a 
genomic clone, the term" substantially homologous"refers to any probe which can hybridize 
to either or both strands of the double-stranded nucleic acid sequence under conditions of low 
stringency as described herein. 

As used herein, the term"hybridization"is used in reference to the pairing of complementary 
nucleic acid strands. Hybridization and the strength of hybridization (i. e., the strength of the 
association between nucleic acid strands) is impacted by many factors well known in the art 
including the degree of complementarity between the nucleic acids, stringency of the 
conditions involved affected by such conditions as the concentration of salts, the Tm 
(melting temperature) of the formed hybrid, the presence of other components (e. g., the 
presence or absence of polyethylene glycol), the molarity of the hybridizing strands and the 
G : C content of the nucleic acid strands. 

As used herein, the term"stringency f, is used in reference to the conditions of temperature, 
ionic strength, and the presence of other compounds, under which nucleic acid hybridizations 
are conducted. With"high stringency"conditions, nucleic acid base pairing will occur only 
between nucleic acid fragments that have a high frequency of complementary base 
sequences. Thus, conditions of , medium lt or ,, low ll stringency are often required when it is 
desired that nucleic acids which are not completely complementary to one another be 
hybridized or annealed together. The art knows well that numerous equivalent conditions can 
be employed to comprise medium or low stringency conditions. The choice of hybridization 
conditions is generally evident to one skilled in the art and is usually guided by the purpose 
of the hybridization, the type of hybridization (DNA-DNA or DNA-RNA), and the level of 
desired relatedness between the sequences (e. g., Sambrook et al., 1989, Nucleic Acid 
Hybridization, 24 Practical Approach, TR1 Press, Washington D. C, 1985, for a general 
discussion of the state of the art). 

The stability of nucleic acid duplexes is known to decrease with an increased number of 
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mismatched bases, and further to be decreased to a greater or lesser degree depending on the 
relative positions of mismatches in the hybrid duplexes. Thus, the stringency of hybridization 
can be used to maximize or minimize stability of such duplexes. Hybridization stringency 
can be altered by : adjusting the temperature of hybridization ; adjusting the percentage of 
helix destabilizing agents, such as formamide, in the hybridization mix ; and adjusting the 
temperature and/or salt concentration of the wash solutions. For filter hybridizations, the final 
stringency of hybridizations often is determined by the salt concentration and/or temperature 
used for the post-hybridization washes. 

"High stringency conditions ,f when used in reference to nucleic acid hybridization comprise 
conditions equivalent to binding or hybridization at 42°C in a solution consisting of 5X SSPE 
(43. 8 g/1 NaCI, 6. 9 g/1 NaH2P04H20 and 1 . 85 g/1 EDTA, pH adjusted to 7. 4 with 
NaOH), 0. 5% SDS, 5X Denhardt's reagent and 100, ug/ml denatured salmon sperm DNA 
followed by washing in a solution comprising 0. IX SSPE, 1. 0% SDS at 42°C when a probe 
of about 500 nucleotides in length is employed. 

"Medium stringency conditions" when used in reference to nucleic acid hybridization 
comprise conditions equivalent to binding or hybridization at 42°C in a solution consisting of 
5X SSPE (43. 8 g/1 NaCI, 6. 9 g/1 NaH2P04H20 and 1. 85 g/1 EDTA, pH adjusted to 7. 4 
with NaOH), 0. 5% SDS, 5X Denhardt's reagent and 100 ug/ml denatured salmon sperm 
DNA followed by washing in a solution comprising 1. OX SSPE, 1. 0% SDS at 42°C when a 
probe of about 500 nucleotides in length is employed. 

"Low stringency conditions "comprise conditions equivalent to binding or hybridization at 
42°C in a solution consisting of 5X SSPE (43. 8 g/1 NaCI, 6. 9 g/1 NaH2PO4-H20 and 1. 85 
g/1 EDTA, pH adjusted to 7. 4 with NaOH), 0. 1% SDS, 5X Denhardt's reagent [SOX 
Denhardt's contains per 500 ml : 5 g Ficoll (Type 400, Pharamcia), 5 g BSA (Fraction V ; 
Sigma)] and 1 00 ug/ml denatured salmon sperm DNA followed by washing in a solution 
comprising 5X SSPE, 0. 1% SDS at 42°C when a probe of about 500 nucleotides in length is 
employed. 

As used herein, the term"Tm"is used in reference to the"melting temperature". The melting 
temperature is the temperature at which 50% of a population of double-stranded nucleic acid 
molecules becomes dissociated into single strands. The equation for calculating the Tm of 
nucleic acids is well-known in the art. The Tm of a hybrid nucleic acid is often estimated 
using a formula adopted from hybridization assays in 1 M salt, and commonly used for 
calculating Tm for PCR primers: [(number oif A + T) x 2°C + (number of G+C) x 4°C]. 

(C.R. Newton et al., PCR, 2nd Ed., Springer- Verlag (New York, 1997), p. 24). This formula 
was found to be inaccurate for primers longer than 20 nucleotides. (Id.) Another simple 
estimate of the T„, value may be calculated by the equation : Tm = 81 . 5 + 0. 41 (% G + C), 
when a nucleic acid is in aqueous solution at 1 M NaCI. (e. g., Anderson and Young, 
Quantitative Filter Hybridization, in Nucleic Acid Hybridization (1985). Other more 
sophisticated computations exist in the art which take structural as well as sequence 
characteristics into account for the calculation of Tm. A calculated Tm is merely an 
estimate ; the optimum temperature is commonly determined empirically. 

The term"isolated"when used in relation to a nucleic acid, as in"isolated 
oligonucleotide"or"isolated polynucleotide"refers to a nucleic acid sequence that is identified 
and separated from at least one contaminant with which it is ordinarily associated in its 
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source. Thus, an isolated nucleic acid is present in a form or setting that is different from that 
in which it is found in nature. In contrast, non-isolated nucleic acids (e. g., DNA and RNA) 
are found in the state they exist in nature. For example, a given DNA sequence (e. g., a gene) 
is found on the host cell chromosome in proximity to neighboring genes ; RNA sequences (e. 
g., a specific mRNA sequence encoding a specific protein), are found in the cell as a mixture 
with numerous other mRNAs which encode a multitude of proteins. However, isolated 
nucleic acid encoding a Tvu polymerase includes, by way of example, such nucleic acid in 
cells ordinarily expressing a Tvu polymerase where the nucleic acid is in a chromosomal 
location different from that of natural cells, or is otherwise flanked by a different nucleic acid 
sequence than that found in nature. The isolated nucleic acid or oligonucleotide may be 
present in single-stranded or double-stranded form. When an isolated nucleic acid or 
oligonucleotide is to be utilized to express a protein, the oligonucleotide contains at a 
minimum, the sense or coding strand (i. e., the oligonucleotide may single-stranded), but may 
contain both the sense and anti-sense strands (i.e., the oligonucleotide may be double- 
stranded). 

As used herein, the term ll purified ,t or f, to purify"means the result of any process that removes 
some of a contaminant from the component of interest, such as a protein or nucleic acid. The 
percent of a purified component is thereby increased in the sample. Percent purity can be 
determined by gel electrophoresis followed by autoradiography and quantitation of protein 
bands by laser densitometry. The bands quantified are the 97 kD band for the full- length Tvu 
polymerase and 66 kD band for mutant Tvu polymerases when compared to Mark 12 size 
markers (Novex) on a 4-20% Tris-Glycine gel (Novex EC6025). In this example, percent 
purity is determined by determining the density of the appropriate band (e. g., the 97 kD band 
or 66 kD band) and dividing by the total density of the lane in which the band appears. 

The term"operably linked"as used herein refer to the linkage of nucleic acid sequences in 
such a manner that a nucleic acid molecule capable of directing the transcription of a given 
gene and/or the synthesis of a desired protein molecule is produced. The term also refers to 
the linkage of sequences encoding amino acids in such a manner that a functional protein is 
produced. 

As used herein, the term M promoter"means a recognition site on a DNA sequence or group of 
DNA sequences that provide an expression control element for a gene and to which RNA 
polymerase specifically binds and initiates RNA synthesis (transcription) of that gene. 

As used herein, the term ,f recombinant DNA molecule"means a hybrid DNA sequence 
comprising at least two nucleotide sequences not normally found together in nature. 

As used herein, the term"vector n is used in reference to nucleic acid molecules that transfer 
DNA segment (s) from one cell to another and capable of replication in a cell. Vectors may 
include plasmids, bacteriophages, viruses, cosmids, and the like. 

The terms !! recombinant vector" and !, expression vector lf as used herein refer to DNA or RNA 
sequences containing a desired coding sequence and appropriate DNA or RNA sequences 
necessary for the expression of the operably linked coding sequence in a particular host 
organism. Prokaryotic expression vectors include a promoter, a ribosome binding site, an 
origin of replication for autonomous replication in host cells and possibly other sequences, e. 
g. an optional operator sequence. A promoter is defined as a DNA sequence that directs RNA 
polymerase to bind to DNA and to initiate RNA synthesis. Eukaryotic expression vectors 
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include a promoter, polyadenlyation signal and optionally an enhancer sequence. 

As used herein the term"coding region"when used in reference to structural gene refers to the 
nucleotide sequences which encode the amino acids found in the nascent polypeptide as a 
result of translation of a mRNA molecule. Typically, the coding region is bounded on the 
5'side by the nucleotide triplet" ATG"which encodes the initiator methionine and on the 3'side 
by a stop codon (e. g., TAA, TAG, TGA). In some cases the coding region is also known to 
initiate by a nucleotide triplet"TTG". 

As used herein, the term ,! a polynucleotide having a nucleotide sequence encoding a 
gene, "means a nucleic acid sequence comprising the coding region of a gene, or in other 
words the nucleic acid sequence which encodes a gene product. The coding region may be 
present in either a cDNA, genomic DNA or RNA form. When present in a DNA form, the 
oligonucleotide may be single-stranded (i. e., the sense strand) or double-stranded. Suitable 
control elements such as enhancers/promoters, splice junctions, polyadenylation signals, etc. 
may be placed in close proximity to the coding region of the gene if needed to permit proper 
initiation of transcription and/or correct processing of the primary RNA transcript. 

Alternatively, the coding region utilized in the expression vectors of the present invention 
may contain endogenous enhancers/promoters, splice junctions, intervening sequences, 
polyadenylation signals, etc. In further embodiments, the coding region may contain a 
combination of both endogenous and exogenous control elements. 

As used herein, the term M regulatory elemenfrefers to a genetic element that controls some 
aspect of the expression of nucleic acid sequence (s). For example, a promoter is a regulatory 
element that facilitates the initiation of transcription of an operably linked coding region. 
Other regulatory elements are splicing signals, polyadenylation signals, termination signals, 
etc. (defined infra). 

Transcriptional control signals in eukaryotes comprise"promoter"and"enhancer" elements. 
Promoters and enhancers consist of short arrays of DNA sequences that interact specifically 
with cellular proteins involved in transcription (Maniatis, et al., Science 236 : 1237, 1987). 
Promoter and enhancer elements have been isolated from a variety of eukaryotic sources 
including genes in yeast, insect and mammalian cells. Promoter and enhancer elements have 
also been isolated from viruses and analogous control elements, such as promoters, are also 
found in prokaryotes. The selection of a particular promoter and enhancer depends on the cell 
type used to express the protein of interest. Some eukaryotic promoters and enhancers have a 
broad host range while others are functional in a limited subset of cell types (for review, see 
Voss, et al., Trends Biochem. Sci., 1 1 : 287, 1986 ; and Maniatis, et al., supra 1987). For 
example, the SV40 early gene enhancer is very active in a wide variety of cell types from 
many mammalian species and has been widely used for the expression of proteins in 
mammalian cells (Dijkema et al., EMBO J. 4 : 761, 1985). Two other examples of 
promoter/enhancer elements active in a broad range of mammalian cell types are those from 
the human elongation factor la gene (Uetsuki et al, J. Biol. Chem., 264 : 5791, 1989 ; Kim, 
et al., Gene 91 : 217, 1990 ; and Mizushima andNagata, Nuc. Acids. Res., 18 : 5322, 1990) 
and the long terminal repeats of the Rous sarcoma virus (Gorman et al., Proc. Natl. Acad. 
Sci. USA 79 : 6777, 1982) ; and the human cytomegalovirus (Boshart, et al, Cell 41 : 521, 
1985). 

As used herein, the term"promoter/enhancer"denotes a segment of DNA containing 
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sequences capable of providing both promoter and enhancer functions (i. e., the functions 
provided by a promoter element and an enhancer element as described above). For example, 
the long terminal repeats of retroviruses contain both promoter and enhancer functions. The 
enhancer/promoter may be tf endogenous n or !f exogenous M or"heterologous. lf An"endogenous ft 
enhancer/promoter is one that is naturally linked with a given gene in the genome. An 
"exogenousWheterologous" enhancer/promoter is one that is placed in juxtaposition to a 
gene by means of genetic manipulation (i. e., molecular biological techniques) such that 
transcription of the gene is directed by the linked enhancer/promoter. 

The presence of ! splicing signals"on an expression vector often results in higher levels of 
expression of the recombinant transcript in eukaryotic host cells. Splicing signals mediate the 
removal of introns from the primary RN A transcript and consist of a splice donor and 
acceptor site (Sambrook, et al., Molecular Cloning : A Laboratory Manual, 2nd ed., Cold 
Spring Harbor Laboratory Press, New York [1989] pp. 16. 7-16. 8). A commonly used splice 
donor and acceptor site is the splice junction from the 16S RNA of SV40. 

Efficient expression of recombinant DNA sequences in eukaryotic cells requires expression 
of signals directing the efficient termination and polyadenylation of the resulting transcript. 
Transcription termination signals are generally found downstream of the polyadenylation 
signal and are a few hundred nucleotides in length. The ternTpoly (A) site" or"poly (A) 
sequencers used herein denotes a DNA sequence which directs both the termination and 
polyadenylation of the nascent RNA transcript. Efficient polyadenylation of the recombinant 
transcript is desirable, as transcripts lacking a poly (A) tail are unstable and are rapidly 
degraded. The poly (A) signal utilized in an expression vector may be 
"heterologous t 'or"endogenous. t 'An endogenous poly (A) signal is one that is found naturally 
at the 3 'end of the coding region of a given gene in the genome. A heterologous poly (A) 
signal is one which has been isolated from one gene and positioned 3'to another gene. A 
commonly used heterologous poly (A) signal is the SV40 poly (A) signal. The SV40 poly 
(A) signal is contained on a 237 bp BamHIlBclI restriction fragment and directs both 
termination and polyadenylation (Sambrook, supra, at 16. 6-16. 7). 

Eukaryotic expression vectors may also contain"viral replicons M or"viral origins of 
replication. "Viral replicons are viral DNA sequences which allow for the extrachromosomal 
replication of a vector in a host cell expressing the appropriate replication factors. Vectors 
containing either the SV40 or polyoma virus origin of replication replicate to high copy 
number (up to 104 copies/cell) in cells that express the appropriate viral T antigen. In 
contrast, vectors containing the replicons from bovine papillomavirus or Epstein-Barr virus 
replicate extrachromosomally at low copy number (-100 copies/cell). 

All amino acid residues identified herein are in the natural L-configuration. In keeping with 
standard polypeptide nomenclature, J. Biol. Chem., 243 : 3557-3559 (1969), abbreviations 
for amino acid residues are as shown in the following Table of Correspondence. 

TABLE OF CORRESPONDENCE 1 -Letter 3-Letter AMINO ACID Y Tyr L-tyrosine G Gly 
glycine F Phe L-phenylalanine M Met L-methionine A Ala L-alanine S Ser L-serine I He L- 
isoleucine L Leu L-leucine T Thr L-threonine V Val L- valine P Pro L-proline K Lys L-lysine 
H His L-histidine Q Gin L-glutamine E Glu L-glutamic acid W Trp L-tryptophan R Arg L- 
arginine D Asp L-aspartic acid N Asn L-asparagine C Cys L-cystine DESCRIPTION OF 
THE INVENTION The present invention provides purified thermostable DNA polymerase I 
enzymes derived from T. vulgaris (Tvu). The present invention encompasses both native and 
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recombinant wild-type forms of the enzyme, as well as mutant and variant forms, some of 
which possess altered characteristics relative to the wild-type enzyme. In some embodiments, 
the present invention provides mutants that lack 5'to 3 'exonuclease activity. 

The present invention also relates to methods of using the Tvu polymerase, including its use 
in amplification, reverse transcription, and sequencing reactions. Indeed, the novel properties 
of the polymerases of the present invention provide improved enzymes for a variety of 
applications utilizing thermostable DNA polymerases. 

The description of the invention is divided into : I. General Structural Features of Type A 
DNA Polymerases ; II. Generation of Tvu DNA Polymerases ; III. Use of Tvu DNA 
Polymerases in the PGR ; IV. Use of Tvu DNA Polymerase for Reverse Transcription ; and 
V. 

Use of Tvu DNA Polymerases in DNA Sequencing Methods. 

1 . General Structural Features Of DNA Polymerases DNA polymerases (DNAPs), such as 
those isolated from mesophilic organisms (e. g., E. coli) as well as from thermophilic bacteria 
(e. g., Thermus, Thermotoga, and Thermoactinomyces), are enzymes that synthesize new 
DNA strands. As previously indicated, several of the known DNAPs contain associated 
nuclease activities in addition to the polymerization activity of the enzyme. 

Some DNAPs have exonuclease activities that are known to remove nucleotides from the 
5'and 3 ! ends of DNA chains (Kornberg, DNA Replication, W. H. Freeman and Co., San 
Francisco, pp. 127-139, 1980). These exonuclease activities are usually referred to as 5 f to 3 f 
exonuclease and 3'to 5'exonuclease activities, respectively. For example, the 5 f to 3' 
exonuclease activity located in the N-terminal domain of several DNAPs participates in the 
removal of RNA primers during lagging strand synthesis during DNA replication and the 
removal of damaged nucleotides during DNA repair. Some DNAPs, such as the E. coli DNA 
polymerase I, also have a 3'to 5 f exonuclease activity responsible for proof-reading during 
DNA synthesis (Kornberg, supra). 

DNAPs isolated from Thermus aquaticus (Taq), Thertnusflavus (Tfl) and Thermus 
thermophilus (Tth) have a 5'to 3 f exonuclease activity, but lack a functional 3 ! to 5 1 
exonuclease (Tindall and Kunkell, Biochem. 27 : 6008, 1988). However, the lack of a 3'to 5* 
exonuclease activity is not a general feature of DNAPs derived from thermophilic bacteria as 
DNA polymerases from the thermophiles Thermotoga marititna (Tma), Thermococcus 
litoralis (Tli) and Pyrococcus furiosus (Pfu) do contain 3'to 5 f exonuclease activity. Bacillus 
caldotenax has a very weak 3'to 5'exonuclease activity although it lacks the three aspartic 
acid residues of the 3'to 5'exonuclease consensus sequence as further discussed below. 

The 5'to 3 'exonuclease activity associated with a number of eubacterial Type- A DNA 
polymerases has been found to reside in the one-third N-terminal region of the protein as an 
independent functional domain. In these polymerase molecules, the C-terminal two-thirds of 
the molecule constitute the polymerization domain responsible for synthesis of DNA activity. 
Some Type- A DNA polymerases also have a 3'to 5 f exonuclease activity associated with the 
C-terminal two-thirds of the molecule. As described more completely below, Figure 1 
provides a schematic showing the location of the 5'to 3 'exonuclease, 3'to 5'exonuclease and 
polymerase encoded activities of a number of eubacterial DNAPs. As noted above, not all 
DNAPs contain both 5'to 3'and 3 ! to 5'exonuclease activities. 
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Figure 1 provides a schematic depicting the arrangement of the 5'to 3'exonuclease ("5'EXO"), 
3'to 5'exonuclease ("3'EXO") and polymerase ("POL") encoded activities in the DNA 
polymerases from phage T4 ("T4"), phage T7 ("T7"), E. coli (DNA polymerase 1 ;"Eco Pol 
I"), T. aquaticus ("Taq"), T. maritima ("Tma") and T. neapolitana ("Ene"). The absence of a 
3 f to 5 ! exonuclease activity in Taq DNA polymerase is indicated by the use of the line 
between the boxed 5'to 3'exonuclease and polymerase domains ; the absence of a 5 ? to 
3'exonuclease activity in phage T4 polymerase is indicated by the absence of the tenn"5 f 
EXO"in the first boxed region of the molecule. 

The 5 ! to 3'exonuclease activity and the polymerization activity of DNAPs can be separated 
by proteolytic cleavage or genetic manipulation of the polymerase molecule. For example, 
the Klenow or large proteolytic cleavage fragment of E. coli DNA polymerase I contains 
polymerase and 3 f to 5'exonuclease activity but lacks 5 f to 3'exonuclease activity (Brutlag et 
al, Biochem. Biophys. Res. Commun. 37 : 982, 1969). The Stoffel fragment of Taq 
polymerase lacks 5'to 3 ! exonuclease activity due to a genetic manipulation which deletes the 
N-terminal 289 amino acids of the polymerase molecule (Erlich et al., Science 252 : 1643, 
1991). 

Removal of the 5'to 3'exonuclease domain from a DNAP may effect the activity of the 
remaining domains. For example, removal of the 5'to 3 f exonuclease domain from the E. coli 
polymerase I protein to generate the Klenow fragment, affects the fidelity of the remaining 
large polymerase domain. The fidelity of a DNA polymerase involves several functions, 
including the ability to discriminate against errors when nucleotides are initially inserted, the 
ability to discriminate against extension from misaligned or mispaired primer termini, and 
exonucleolytic removal of errors. 

In comparison to the full-length enzyme, the Klenow fragment exhibits altered base 
substitution error specificity and is less accurate for minus one base frameshift errors at 
reiterated template nucleotides (Bebenek et al., J. Biol. Chem. 265 : 13878, 1990). Thus, the 
removal of the 5'to 3'exonuclease encoding domain of E. coli DNA polymerase I adversely 
affects fidelity of the remaining 3'to 5'exonuclease and DNA synthesis encoding domains. 

Removal of a 5 f to 3'exonuclease encoding domain does not always adversely affect fidelity 
of the resultant polymerase fragment. For example, KlenTaq, a truncated version of Taq 
DNA polymerase that lacks the first 235 N-terminal amino acids (including the 5'to 3 f 
exonuclease domain), has been reported to have a two-fold improvement in fidelity as 
compared to full-length Taq (Barnes, Gene 1 12 : 29, 1992). 

Amino acid sequence comparisons of the 3 f to 5'exonuclease encoding domain of a number of 
DNAPs have identified three domains, termed Exo I-III, that are highly conserved between a 
variety of mesophilic and thermophilic DNAPs (Bernad et al. Cell 59 : 219, 1989). 

Figure 2 provides a schematic drawing showing an alignment of the amino acid residues 
from a number of DNAPs over the 3 f to 5'exonuclease encoding domain. In Figure 2, the one 
letter code is used for the amino acids ; the numbers represent the amino acid residue in a 
given polymerase. Also, in Figure 2, highly conserved residues which are indicated by the 
use of white letters within a black box. Portions of the 3'to 5'exonuclease encoding domain of 
following polymerases are shown : Bacillus subtilus (Bsu) polymerase III (SEQ ID NOS : 
19-21) ; E. coli (Eco) polymerase Ills (SEQ ID NOS : 22-24) ; phage T4 (SEQ ID NOS : 25- 
27) ; phage T7 (SEQ ID NOS : 28-30) ; E. coli polymerase I (SEQ ID NOS : 31-33) ; T. 
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maritima (Tma) polymerase (SEQ ID NOS : 34-36) ; and T. neapolitana (Tne) polymerase 
(SEQ ID NOS : 37-39). The"V"indicates amino acid residues involved in single strand DNA 
binding ; the ! 'A ! 'indicates amino acid residues involved in metal binding and catalysis. 

Site-directed mutagenesis experiments have identified a subset of these conserved residues as 
being critical for 3'to 5'exonuclease activity in E. coli polymerase I. The critical residues 
include D355, D424, and D501 , which are known to bind divalent metal ions and are 
essential for 3'exonuclease activity, as mutation of these residues reduces 3 f exonuclease 
activity several thousand fold. Amino acids analogous to these three D residues are not 
present in Tvu DNA polymerase ; therefore, it is unlikely that Tvu DNA polymerase has 
significant 3'to S'exonuclease activity although it may have a weak 3'to 5'exonuclease 
activity. Bca DNA polymerase is lacking these three D residues and has been shown to have 
weak 3'to 5'exonuclease activity (J. Biochem. 1 13 : 401-410, 1993). L361, F473 and Y497 
are also important for 3'to 5'exonuclease activity and are believed to ensure correct 
positioning of the substrate in the active site. Mutation of L361 and Y497 reduces 3'to 5' 
exonuclease activity 12. 5 to 25-fold, while mutation of F473 reduces 3'to 5'exonuclease 
activity about 3000-fold. 

PCT Publ. No. WO 92/03556 (herein incoporated by reference) states that three characteristic 
domains are critical for 3'to 5'exonuclease activity in thermostable TI) 20 DNA polymerases. 
However, no site-directed mutagenesis is shown for any of the"critical" residues, and no 3'to 
5'exonuclease activity is reported for any of the mutant forms of Tua DNA polymerase (i. e., 
these are primarily deletion mutants) shown. The three domains identified in PCT Publ. No. 
WO 92/03556 are : Domain A, which comprises D-X-E-X3-L ; Domain B, which comprises 
N-X3-D-X3-L ; and Domain C, which comprises Y-X3-D, where XN represents the number 
(N) of non-critical amino acids between the specified amino acids. 

As shown in Figure 2, the location, sequence and spacing of these three domains found in 
polymerases derived from thermophilic organisms is consistent with the three domains 
identified in polymerases derived from mesophilic organisms. 

II. Generation Of Tvu DNA Polymerases The present invention provides wild-type and 
mutant forms of Tvu DNA polymerases. 

The mutant forms are substantially free of 5'to 3'exonuclease activity. Without being limited 
to any particular mutant, representative examples of mutant Tvu DNA polymerases are 
provided herein. M285 (SEQ ID NO : 4) begins at the methionine codon located at residue 
285 of the wild type Tvu DNA polymerase and ends at the wild type termination codon. 

M285 is encoded by the nucleic acid sequence of SEQ ID NO : 3. T289M (SEQ ID NO : 6) 
begins at residue 289 of the wild type. Tvu DNA polymerase which was mutated from a 
threonine to a methionine and ends at the wild type termination codon. T289M is encoded by 
the nucleic acid sequence of SEQ ID NO : 5. The modified Tvu polymerases of the present 
invention are advantageous in situations where the polymerization (i. e., synthetic) activity of 
the enzyme is desired but the presence of 5'to 3 ! exonuclease activity is not. 

The present invention is not intended to be limited by the nature of the alteration (e. g., 
deletion, insertion, substitution) necessary to render the Tvu polymerase deficient in 5 f to 3' 
exonuclease activity. Indeed, the present invention contemplates a variety of methods, 
including but not limited to proteolysis and genetic manipulation. 
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A. Tvu Polynucleotides The present invention provides nucleic acids encoding Tvu DNA 
polymerase I (SEQ ID NO : 1). Other embodiments of the present invention provide 
polynucleotide sequences that are capable of hybridizing to SEQ ID NO : 1 under conditions 
of medium stringency. In some embodiments, the hybridizing polynucleotide sequence 
encodes a protein that retains at least one biological activity of the naturally occurring Tvu 
DNA polymerase. In preferred embodiments, hybridization conditions are based on the 
melting temperature (T\) of the nucleic acid binding complex and confer a defined 
"stringency" as explained above (e.g., Wahl, et al., Methods Enzymol. 152:399-407, 1987). 

In other embodiments of the present invention, variants of Tvu DNA polymerase are 
provided (e. g., SEQ ID NOs : 3 and 5). In preferred embodiments, variants result from 
mutation, (i. e., a change in the nucleic acid sequence) and generally produce altered mRNAs 
or polypeptides whose structure or function may or may not be altered. Any given gene may 
have none, one, or many variant forms. Common mutational changes that give rise to 
variants are generally ascribed to deletions, additions or substitutions of nucleic acids. Each 
of these types of changes may occur alone, or in combination with the others, and at the rate 
of one or more times in a given sequence. 

In still other embodiments of the present invention, the nucleotide sequences of the present 
invention may be engineered in order to alter a Tvu DNA polymerase coding sequence 
including, but not limited to, alterations that modify the cloning, processing, localization, 
secretion, and/or expression of the gene product. For example, mutations may be introduced 
using techniques that are well known in the art (e. g., site-directed mutagenesis to insert new 
restriction sites, alter glycosylation patterns, or change codon preference, etc.). 

B. Tvu Polypeptides In other embodiments, the present invention provides Tvu DNA 
polymerase polypeptide (e. g., SEQ ID NO : 2). Other embodiments of the present invention 
provide fragments, fusion proteins or functional equivalents of Tvu DNA polymerase (e. g., 
SEQ ID NOs : 4 and 6). In still other embodiments of the present invention, nucleic acid 
sequences corresponding to Tvu DNA polymerase may be used to generate recombinant 
DNA molecules that direct the expression of Tvu DNA polymerase and variants in 
appropriate host cells. In some embodiments of the present invention, the polypeptide may be 
a naturally purified product, while in other embodiments it may be a product of chemical 
synthetic procedures, and in still other embodiments it may be produced by recombinant 
techniques using a prokaryotic or eukaryotic host cell (e. g., by bacterial cells in culture). In 
other embodiments, the polypeptides of the invention may also include an initial methionine 
amino acid residue. 

In one embodiment of the present invention, due to the inherent degeneracy of the genetic 
code, DNA sequences other than SEQ ID NO : 1 encoding substantially the same or a 
functionally equivalent amino acid sequence, may be used to clone and express Tvu DNA 
polymerase. In general, such polynucleotide sequences hybridize to SEQ ID NO : 1 under 
conditions of medium stringency as described above. As will be understood by those of skill 
in the art, it may be advantageous to produce Tvu DNA polymerase-encoding nucleotide 
sequences possessing non-naturally occurring codons. Therefore, in some preferred 
embodiments, codons preferred by a particular prokaryotic or eukaryotic host are selected, 
for example, to increase the rate of Tvu DNA polymerase expression or to produce 
recombinant RNA transcripts having desirable properties, such as a longer half-life than 
transcripts produced from naturally occurring sequence. 
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1 . Vectors for Production of Tvu DNA Polymerase The polynucleotides of the present 
invention may be employed for producing polypeptides by recombinant techniques. Thus, for 
example, the polynucleotide may be included in any one of a variety of expression vectors 
for expressing a polypeptide. In some embodiments of the present invention, vectors include, 
but are not limited to, chromosomal, nonchromosomal and synthetic DNA sequences (e. g., 
derivatives of SV40, bacterial plasmids, phage DNA ; baculovirus, yeast plasmids, vectors 
derived from combinations of plasmids and phage DNA, and viral DNA such as vaccinia, 
adenovirus, fowl pox virus, and pseudorabies). 

It is contemplated that any vector may be used as long as it is replicable and viable in the 
host. 

In particular, some embodiments of the present invention provide recombinant constructs 
comprising one or more of the sequences as broadly described above (e. g., SEQ ID NO : 1, 3 
or 5). In some embodiments of the present invention, the constructs comprise a vector such 
as a plasmid or viral vector into which a sequence of the invention has been inserted, in a 
forward or reverse orientation. In still other embodiments, the heterologous structural 
sequence (e. g., SEQ ID NO : 1,3, or 5) is assembled in appropriate phase with translation 
initiation and termination sequences. In preferred embodiments of the present invention, the 
appropriate DNA sequence is inserted into the vector using any of a variety of procedures. In 
general, the DNA sequence is inserted into an appropriate restriction endonuclease site (s) by 
procedures known in the art. 

Large numbers of suitable vectors that are replicable and viable in the host are known to 
those of skill in the art, and are commercially available. Any other plasmid or vector may be 
used as long as they are replicable and viable in the host. In some preferred embodiments of 
the present invention, bacterial expression vectors comprise an origin of replication, a 
suitable promoter and optionally an enhancer, and also any necessary ribosome binding sites, 
polyadenylation sites, transcriptional termination sequences, and 5'flanking nontranscribed 
sequences. 

In certain embodiments of the present invention, the Tvu DNA sequence in the expression 
vector is operatively linked to an appropriate expression control sequence (s) (e. g., a 
constitutive or inducible promoter) to direct mRNA synthesis. Promoters usefUl in the 
present invention include, but are not limited to, retroviral LTRs, SV40 promoter, CMV 
promoter, RSV promoter, E. coli lac or tip promoters, phage lambda PL and PR promoters, 
T3, SP6 and T7 promoters. In other embodiments of the present invention, recombinant 
expression vectors include origins of replication and selectable markers, (e. g., tetracycline or 
ampicillin resistance in E. coli, or neomycin phosphotransferase gene for selection in 
eukaryotic cells). 

In other embodiments, the expression vector also contains a ribosome binding site for 
translation initiation, as well as a transcription terminator. In still other embodiments of the 
present invention, the vector may also include appropriate sequences for enhancing 
expression. 

2. Host Cells and Systems for Production of Tvu DNA Polymerase The present invention 
contemplates that the nucleic acid construct of the present invention be capable of expression 
in a suitable host. In particular, it is preferable that the expression system chosen utilizes a 
controlled promoter such that expression of the Tvu polymerase is prevented until expression 
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is induced. In this manner, potential problems of toxicity of the expressed polymerases to the 
host cells (and particularly to bacterial host cells) are avoided. Those in the art know methods 
for attaching various promoters and 3 Sequences to a gene sequence in order to achieve 
efficient and tightly controlled expression. The examples below disclose a number of suitable 
vectors and vector constructs. Of course, there are other suitable promoter/vector 
combinations that are useful in the present invention. The choice of a particular vector is also 
a function of the type of host cell to be employed (i. e., prokaryotic or eukaryotic). 

In some embodiments of the present invention, the host cell can be a prokaryotic cell (e. g., a 
bacterial cell). Specific examples of host cells include, but are not limited to, E. coli, 
Salmonella typhinurium, Bacillus subtilis, and various species within the genera 
Pseudomonas, Streptomyces, and Staphylococcus. 

The constructs in host cells can be used in a conventional manner to produce the gene 
product encoded by the recombinant sequence. In some embodiments, introduction of the 
construct into the host cell can be accomplished by any suitable method known in the art (e. 
g., calcium phosphate transfection, DEAE-Dextran mediated transfection, or electroporation 
" : [e. g., Davis et al., Basic Methods in Molecular Biology, 1986]). Alternatively, in some 
embodiments of the present invention, the polypeptides of the invention can be synthetically 
produced by conventional peptide synthesizers. 

In some embodiments of the present invention, following transformation of a suitable host 
strain and growth of the host strain to an appropriate cell density, the selected promoter is 
induced by appropriate means (e. g., temperature shift or chemical induction), and the host 
cells are cultured for an additional period. In other embodiments of the present invention, the 
host cells are harvested (e. g., by centrifugation), disrupted by physical or chemical means, 
and the resulting crude extract retained for further purification. In still other embodiments of 
the present invention, microbial cells employed in expression of proteins can be disrupted by 
any convenient method, including freeze-thaw cycling, sonication, mechanical disruption, or 
use of cell lysing agents. 

It is not necessary that a host organism be used for the expression of the nucleic acid 
constructs of the invention. For example, expression of the protein encoded by a nucleic acid 
construct may be achieved through the use of a cell-free in vitro transcription/translation 
system. An example of such a cell-free system is the commercially available TnTTM 
Coupled Reticulocyte Lysate System (Promega ; this cell-free system is described in U. S. 
Patent No. 

5, 324, 637, hereby incorporated by reference). 

3. Purification of Tvu DNA Polymerase The present invention also provides methods for 
recovering and purifying Tvu DNA polymerase from native and recombinant cell cultures 
including, but not limited to, ammonium sulfate precipitation, anion or cation exchange 
chromatography, phosphocellulose chromatography, hydrophobic interaction 
chromatography, affinity chromatography, hydroxylapatite chromatography and lectin 
chromatography. In other embodiments of the present invention, protein refolding steps can 
be used as necessary, in completing configuration of the mature protein. In still other 
embodiments of the present invention, high performance liquid chromatography (HPLC) can 
be employed as one or more purification steps. In some embodiments, purification is 
performed as described in Example 1 . 
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In other embodiments of the present invention, the nucleic acid construct containing DNA 
encoding the wild-type or a variant Tvu polymerase further comprises the addition of 
exogenous sequences (i. e., sequences not encoded by the Tvu polymerase coding region) to 
either the 5'or 3'end of the Tvu polymerase coding region to allow for ease in purification of 
the resulting polymerase protein (the resulting protein containing such an affinity tag is 
termed a"fusion protein"). Several commercially available expression vectors are available 
for attaching affinity tags (e. g., an exogenous sequence) to either the amino or carboxy- 
termini of a coding region. In general these affinity tags are short stretches of amino acids 
that do not alter the characteristics of the protein to be expressed (ive., no change to 
enzymatic activities results). 

For example, the pET expression system (Novagen) utilizes a vector containing the T7 
promoter operably linked to a fusion protein with a short stretch of histidine residues at either 
end of the protein and a host cell that can be induced to express the T7 DNA polymerase (i. 
e., a DE3 host strain). The production of fusion proteins containing a histidine tract is not 
limited to the use of a particular expression vector and host strain. Several commercially 
available expression vectors and host strains can be used to express protein sequences as a 
fusion protein containing a histidine tract (e. g., the pQE series [pQE-8, 12, 16, 17, 18, 30, 
31, 32, 40, 41, 42, 50, 51, 52, 60 and 70] of expression vectors (Qiagen) used with host 
strains Ml 5 [pREP4] [Qiagen] and SGI 3009 [pREP4] [Qiagen]) can be used to express 
fusion proteins containing six histidine residues at the amino-terminus of the fusion protein). 
Additional expression systems which utilize other affinity tags are known to the art. 

Once a suitable nucleic acid construct has been made, the Tvu DNA polymerase may be 
produced from the construct. The examples below and standard molecular biological 
teachings known in the art enable one to manipulate the construct by a variety of suitable 
methods. Once the desired Tvu polymerase has been expressed, the polymerase may be 
tested for DNA synthesis as described below. 

4. Deletion Mutants of Tvu DNA Polymerase The present invention further provides 
fragments of Tvu DNA polymerase (i. e., deletion mutants ; e. g., SEQ ID NOs 4 and 6). In 
some embodiments of the present invention, when expression of a portion of Tvu DNA 
polymerase is desired, it may be necessary to add a start codon (ATG) to the oligonucleotide 
fragment containing the desired sequence to be expressed. It is well known in the art that a 
methionine at the N-terminal position can be enzymatically cleaved by the use of the enzyme 
methionine aminopeptidase (MAP). MAP has been cloned from E. coli (Ben-Bassat et al., J. 
Bacteriol. 169 : 751-757, 1987) and S. typhimurium, and its in vitro activity has been 
demonstrated on recombinant proteins (Miller et al, PNAS 84 : 2718-1722, 1990). 
Therefore, removal of an N-terminal methionine, if desired, can be achieved either in vivo by 
expressing such recombinant polypeptides in a host producing MAP (e. g, E. coli or CM89 or 

5. cerevisiae), or in vitro by use of purified MAP. 

In other embodiments of the present invention, Tvu DNA polymerases having a reduced 
level of 5 f to 3 f exonuclease compared to wild-type were produced by subcloning portions of 
Tvu DNA polymerase lacking the 5'to 3'exonuclease-encoding domain (Examples 1 1-12). In 
other embodiments, proteolysis is used to remove portion of Tvu polymerase responsible for 
5'to 3 f exonuclease activity. Following proteolytic digestion, the resulting fragments are 
separated by standard chomatographic techniques and assayed for the ability to synthesize 
DNA and to act as a 5 f to 3 ! exonulcease. 
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5. Variants of Tvll DNA Polymerase Still other embodiments of the present invention 
provide other mutant or variant forms of Tvu DNA polymerase. It is possible to modify the 
structure of a peptide having an activity (e. g., DNA synthesis activity) of Tvu DNA 
polymerase for such purposes as enhancing stability (e. g., in vitro shelf life, and/or 
resistance to proteolytic degradation in vivo) or reducing 5 ! to 3 f exonuclease activity. Such 
modified peptides are considered functional equivalents of peptides having an activity of Tvu 
DNA polymerase as defined herein. A modified peptide can be produced in which the 
nucleotide sequence encoding the polypeptide has been altered, such as by substitution, 
deletion, or addition. In some preferred embodiments of the present invention, the alteration 
decreases the 5'to 3'exonuclease activity to a level low enough to provide an improved 
enzyme for a variety of applications such as PCR and chain termination sequencing 
(including thermal cycle sequencing) as discussed in the Examples below. In particularly 
preferred embodiments, these modifications do not significantly reduce the DNA synthesis 
activity of the modified enzyme. In other words, construct"X fl can be evaluated according to 
the protocol described below in order to determine whether it is a member of the genus of 
modified Tvu polymerases of the present invention as defined functionally, rather than 
structurally. 

Moreover, as described above, variant forms of Tvu DNA polymerase are also contemplated 
as being equivalent to those peptides and DNA molecules that are set forth in more detail 
herein. For example, it is contemplated that isolated replacement of a leucine with an 
isoleucine or valine, an aspartate with a glutamate, a threonine with a serine, or a similar 
replacement of an amino acid with a structurally related amino acid (i. e., conservative 
mutations) will not have a major effect on the biological activity of the resulting molecule. 

Accordingly, some embodiments of the present invention provide, variants of Tvu DNA 
polymerase containing conservative replacements. Conservative replacements are those that 
take place within a family of amino acids that are related in their side chains. Genetically 
encoded amino acids can be divided into four families : (1) acidic (aspartate, glutamate) ; (2) 
basic (lysine, arginine, histidine) ; (3) nonpolar (alanine, valine, leucine, isoleucine, proline, 
phenylalanine, methionine, tryptophan) ; and (4) uncharged polar (glycine, asparagine, 
glutamine, cystine, serine, threonine, tyrosine). Phenylalanine, tryptophan, and tyrosine are 
sometimes classified jointly as aromatic amino acids. In similar fashion, the amino acid 
repertoire can be grouped as (1) acidic (aspartate, glutamate) ; (2) basic (lysine, arginine, 
histidine), (3) aliphatic (glycine, alanine, valine, leucine, isoleucine, serine, threonine), with 
serine and threonine optionally be grouped separately as aliphatic-hydroxyl ; (4) aromatic 
(phenylalanine, tyrosine, tryptophan) ; (5) amide (asparagine, glutamine) ; and (6) sulfur - 
containing (cystine and methionine) (e. g., Stryer ed., Biochemistry, pg. 17-21, 2nd ed, WH 
Freeman and Co., 1981). Whether a change in the amino acid sequence of a peptide results in 
a functional homolog can be readily determined by assessing the ability of the variant peptide 
to function in a fashion similar to the wild-type protein. Peptides having more than one 
replacement can readily be tested in the same manner. 

More rarely, a variant includes"nonconservative"changes (e. g., replacement of a glycine 
with a tryptophan). Analogous minor variations can also include amino acid deletions or 
insertions, or both. Guidance in determining which amino acid residues can be substituted, 
inserted, or deleted without abolishing biological activity can be found using computer 
programs well known in the art, for example LASERGENE software (DNASTAR Inc., 
Madison, Wis.). 
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When a Tvu DNA polymerase enzyme of the present invention has an amino acid residue 
sequence that is not identical to that of SEQ ID NO : 2, 4 or 6 because one or more 
conservative substitutions has been made, it is preferred that no more than 20 percent, and 
more preferably no more than 10 percent, and most preferably no more than 5 percent of the 
amino acid residues are substituted as compared to SEQ ID NO : 2, 4 or 6. 

A contemplated Tvu DNA polymerase can also have a length shorter than that of SEQ ID 
NO : 2 and maintain DNA synthesis activity. The first 284 amino acids at the amino terminus 
can be deleted as in an enzymes of SEQ ID NO : 4 and 6. Such variants exhibit DNA 
synthesis activity as discussed elsewhere herein and exhibit DNA synthesis activity at 
temperatures higher than about 50°C. 

This invention further contemplates a method for generating sets of combinatorial mutants of 
the present Tvu DNA polymerase, as well as deletion mutants, and is especially useful for 
identifying potential variant sequences (i. e., homologs) with unique DNA synthetic activity. 
The purpose of screening such combinatorial libraries is to generate, for example, novel Tvu 
DNA polymerase homologs that possess novel activities. 

In some embodiments of the combinatorial mutagenesis approach of the present invention, 
the amino acid sequences for a population of Tvu DNA polymerase homologs or other 
related proteins are aligned, preferably to promote the highest homology possible. Such a 
population of variants can include, for example, DNA polymerase homologs from one or 
more species, or Tvu DNA polymerase homologs from the same species but which differ due 
to mutation. Amino acids appearing at each position of the aligned sequences are selected to 
create a degenerate set of combinatorial sequences. 

In a preferred embodiment of the present invention, the combinatorial Tvu DNA polymerase 
library is produced by way of a degenerate library of genes encoding a library of 
polypeptides including at least a portion of potential Tvu DNA polymerase-protein 
sequences. 

For example, a mixture of synthetic oligonucleotides are enzymatically ligated into gene 
sequences such that the degenerate set of potential Tvu DNA polymerase sequences are 
expressible as individual polypeptides, or alternatively, as a set of larger fusion proteins (e. 
g., for phage display) containing the set of Tvu DNA polymerase sequences therein. 

There are many ways in which the library of potential Tvu DNA polymerase homologs can 
be generated from a degenerate oligonucleotide sequence. In some embodiments, chemical 
synthesis of a degenerate gene sequence is carried out in an automatic DNA synthesizer, and 
the synthetic genes are ligated into an appropriate gene for expression. The purpose of a 
degenerate set of genes is to provide, in one mixture, all of the sequences encoding the 
desired set of potential Tvu DNA polymerase sequences. The synthesis of degenerate 
oligonucleotides is well known in the art (e. g., Narang, Tetrahedron 39 : 39, 1983 ; Itakura 
et al., Recombinant DNA, Proc 3rd Cleveland Sympos. Macromol., Walton, ed., Elsevier, 
Amsterdam, pp 273-289, 1981 ; Itakura et al., Annu. Rev. Biochem. 53 : 323, 1984 ; Itakura 
et al, Science 198 : 1056, 1984 ; and Ike et al., Nucleic Acid Res. 1 1 : 477, 1983). Such 
techniques have been employed in the directed evolution of other proteins (e. g., Scott et al., 
Science 249 : 386-390, 1980 ; Roberts et al., PNAS 89 : 2429-2433, 1992 ; Devlin et al., 
Science 249 : 404-406, 1990 ; Cwirla et al., PNAS 87 : 6378-6382, 1990 ; as well as U. S. 
Pat. Nos. 
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5, 223, 409, 5, 198, 346, and 5, 096, 815, each of which is incorporated herein by reference). 

A wide range of techniques are known in the art for screening gene products of combinatorial 
libraries generated by point mutations, and for screening cDNA libraries for gene products 
having a particular property of interest. Such techniques are generally adaptable for rapid 
screening of gene libraries generated by the combinatorial mutagenesis of Tvu DNA 
polymerase homologs. The most widely used techniques for screening large gene libraries 
typically comprise cloning the gene library into replicable expression vectors, transforming 
appropriate cells with the resulting library of vectors, and expressing the combinatorial genes 
under conditions such that detection of a desired activity facilitates relatively easy isolation 
of the vector encoding the gene whose product was detected. The illustrative assays 
described below are amenable to high through-put analysis as necessary to screen large 
numbers of degenerate sequences created by combinatorial mutagenesis techniques. 

In some embodiments of the present invention, the gene library is expressed as a fusion 
protein on the surface of a viral particle. For example, foreign peptide sequences can be 
expressed on the surface of infectious phage in the filamentous phage system, thereby 
conferring two significant benefits. First, since these phage can be applied to affinity 
matrices at very high concentrations, a large number of phage can be screened at one time. 
Second, since each infectious phage displays the combinatorial gene product on its surface, if 
a particular phage is recovered from an affinity matrix in low yield, the phage can be 
amplified by another round of viral replication. The group of almost identical E. coli 
filamentous phages Ml 3, fd, and fl are most often used in phage display libraries, as either of 
the phage gill or gVIII coat proteins can be used to generate fusion proteins without 
disrupting the ultimate packaging of the viral particle (e. g., WO 90/02909 ; WO 92/09690 ; 
Marks et al., J. 

Biol. Chem., 267 : 16007-16010, 1992 ; Griffths et al., EMBO J., 12 : 725-734, 1993 ; 
Clackson et al., Nature, 352 : 624-628, 1991 ; and Barbas et al., PNAS 89 : 4457-4461, 
1992). 

In another embodiment of the present invention, the recombinant phage antibody system (e. 
g., RPAS, Pharmacia Catalog number 27-9400-01) is modified for use in expressing and 
screening Tiu polymerase combinatorial libraries. The pCANTAB 5 phagemid of the RPAS 
kit contains the gene encoding the phage gill coat protein. In some embodiments of the 
present invention, the Tvu polymerase combinatorial gene library is cloned into the 
phagemid adjacent to the gill signal sequence such that it will be expressed as a gill fusion 
protein. In other embodiments of the present invention, the phagemid is used to transform 
competent E. coli TGI cells after ligation. In still other embodiments of the present 
invention, transformed cells are subsequently infected with M13K07 helper phage to rescue 
the phagemid and its candidate Tvu polymerase gene insert. The resulting recombinant phage 
contain phagemid DNA encoding a specific candidate Tvu polymerase-protein and display 
one or more copies of the corresponding fusion coat protein. In some embodiments of the 
present invention, the phage-displayed candidate proteins that are capable of, for example, 
binding nucleotides or nucleic acids, are selected or enriched by panning. The bound phage is 
then isolated, and if the recombinant phage express at least one copy of the wild type gill coat 
protein, they will retain their ability to infect E. coli. Thus, successive rounds of reinfection 
of E. coli and panning greatly enriches for Tvu polymerase homologs, which are then 
screened for farther biological activities. 
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In light of the present disclosure, other forms of mutagenesis generally applicable will be 
apparent to those skilled in the art in addition to the aforementioned rational mutagenesis 
based on conserved versus non-conserved residues. For example, Tvu DNA polymerase 
homologs can be generated and screened using, for example, alanine scanning mutagenesis 
and the like (Ruf et al., Biochem., 33 : 1565-1572, 1994 ; Wang et al., J. Biol. Chem., 269 : 
3095-3099, 1994 ; Balint et al. Gene 137 : 109-118, 1993 ; Grodberg et al, Eur. J. 

Biochem., 218 : 597-601, 1993 ; Nagashima et al., J. Biol. Chem., 268 : 2888-2892, 1993 ; 
Lowman et al., Biochem., 30 : 10832-10838, 1991 ; and Cunningham et al., Science, 244 : 
1081-1085, 1989) ; linker scanning mutagenesis (Gustin et al., Virol., 193 : 653-660, 1993 ; 
Brown et al, Mol. Cell. Biol., 12 : 2644-2652, 1992 ; McKnight et al., Science, 232 : 316) ; 
or saturation mutagenesis (Meyers et al., Science, 232 : 613, 1986). 

In some embodiments, the wild-type Tvu polymerase is cloned by isolating genomic DNA 
using molecular biological methods. The isolated genomic DNA is then cleaved into 
fragments (e. g., about 3 kb or larger) using restriction enzymes and the fragments are 
inserted into a suitable cloning vector such as a plasmid or bacteriophage vector. The vectors 
containing fragments of T. vulgaris genomic DNA are then transformed into a suitable E. coli 
host. Clones containing DNA encoding the Tvu polymerase may be isolated using functional 
assays (e. g., presence of thermostable polymerase in lysates of transformed cells) or by 
hybridization using a probe derived from a region of conservation among DNA polymerases 
derived from thermostable organisms. Alternatively, the T. vulgaris genomic DNA may be 
used as the target in PCR with primers selected from regions of high sequence conservation 
among the genes encoding thermostable DNA polymerases. Although such a PCR may not 
amplify the entire coding region of the Tvu polymerase I gene, the full-length Tvu gene can 
be isolated by using the amplified fragment as a probe to screen a genomic library containing 
T vulgaris DNA. 

Once the full-length Tvu polymerase gene is obtained, the region encoding the. 5'to 3 f 
exonuclease may be altered by a variety of means to reduce or eliminate these activities. 

Suitable deletion and site-directed mutagenesis procedures are known in the art. 

In some embodiments of the present invention, deletion of amino acids from the protein is 
accomplished either by deletion in the encoding genetic material, or by introduction of a 
translational stop codon by mutation or frame shift. In other embodiments, proteolytic 
treatment of the protein molecule is performed to remove portions of the protein. In still 
further embodiments, deletion mutants are constructed by restiction digesting the wild-type 
sequence and introducing a new start site by annealing an appropriately designed oligomer to 
the digested fragment encoding the desired activity (e. g., Example 1 1). 

6. Chemical Synthesis of Tvu DNA Polymerase In an alternate embodiment of the invention, 
the coding sequence of Tvu DNA polymerase is synthesized, whole or in part, using 
chemical methods well known in the art (e. g., Caruthers et al., Nuc. Acids Res. Symp. Ser., 
7 : 215-233, 1980 ; Crea and Horn, Nuc. 

Acids Res., 9 : 2331, 1980 ; Matteuoci and Caruthers, Tetrahedron Lett., 21 : 719, 1980 ; and 
Chow and Scope, Nuc. Acids Res., 9 : 2807-2817, 1981). In other embodiments of the 
present invention, the protein itself is produced using chemical methods to synthesize either a 
full-length Tvu DNA polymerase amino acid sequence or a portion thereof. For example, 
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peptides can be synthesized by solid phase techniques, cleaved from the resin, and purified 
by preparative high performance liquid chromatography (e. g., Creighton, Proteins Structures 
and Molecular Principles, W H Freeman and Co, New York N. Y., 1983). In other 
embodiments of the present invention, the composition of the synthetic peptides is confirmed 
by amino acid analysis or sequencing (e. g., Creighton, supra). 

Direct peptide synthesis can be performed using various solid-phase techniques (Roberge et 
al., Science 269 : 202-204, 1995) and automated synthesis may be achieved, for example, 
using ABI 43 1 A Peptide Synthesizer (Perkin Elmer) in accordance with the instructions 
provided by the manufacturer. Additionally, the amino acid sequence of Tvu DNA 
polymerase, or any part thereof, may be altered during direct synthesis and/or combined 
using chemical methods with other sequences to produce a variant polypeptide. 

III. Use of Tvu DNA Polymerases in PCR The wild-type and modified Tvu polymerases of 
the present invention provide suitable enzymes for use in PCR. The PCR process is described 
in U. S. Patent Nos. 4, 683, 195 and 4, 683, 202, the disclosures of which are incorporated 
herein by reference. 

Any nucleic acid may be amplified by PCR methods of the present invention, so long as the 
nucleic acid contains regions complementary to the primer set. Examples of suitable nucleic 
acids include, but are not limited to, DNA, cDNA, chromosomal DNA, plasmid DNA, RNA, 
rRNA, and mRNA. The nucleic acid may be from any source, including, but not limited to, 
bacteria, viruses, fungi, protozoa, yeast, plants, animals, blood, tissues, and in vitro 
synthesized nucleic acids. 

IV. Use of Tvu DNA Polymerases for Reverse Transcription The present invention also 
contemplates the use of Tvu DNA polymerase for reverse transcription reactions. Reverse 
transcription of many RNA templates by commonly used reverse transcriptases (e. g., Avian 
myeloblastosis virus (AMV) reverse transcriptase and Moloney murine leukemia virus 
(MMLV) reverse transcriptase) is often limited by the secondary structure of the RNA 
template. Secondary structure in RNA results from hybridization between complementary 
regions within a given RNA molecule. Secondary structure causes poor synthesis of cDNA 
and premature termination of cDN A products, because these polymerases are unable to 
process through the secondary structure. Therefore, RNAs with secondary structure may be 
poorly represented in a cDN A library and it may be difficult to detect the presence of RNA 
with secondary structure in a sample by reverse transcription PCR (RT-PCR). Furthermore, 
secondary structure in RNA can cause inconsistent results in techniques such as differential 
display PCR. Accordingly, it is advantageous to conduct reverse transcription reactions at 
increased temperatures so that secondary structure is removed or limited. 

Several thermostable DNA polymerases (e. g., Tl9ermus thermophilzls DNA polymerase, 
Anaerocellum thermophilum DNA polymerase [e. g., WO 98/14588]) possess reverse 
transcriptase activity. As these enzymes can be used at higher temperatures than retroviral 
reverse transcriptases, much of the secondary structure of RNA molecules is removed (i. e., 
due to thermal melting of the RNA structure). The reverse transcriptase activity of many of 
these polymerases is only observed in the presence of manganese ions, however, exceptions 
include Anaerocellum thermophilum DNA polymerase (e. g., WO 98/14588), Bacillus 
caldotenax DNA polymerase (e. g., U. S. Pat. No. 5, 436, 149), and C. THERM DNA 
polymerase (Boehringer Mannheim). Reverse transcription reactions conducted in the 
presence of manganese are often suboptimal because the presence of manganese ions lowers 
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the fidelity of the polymerase and can cause damage to polynucleotides. 

The present invention provides improvements in reverse transcriptase methods through the 
use of Tvu polymerase. Thus, in some embodiments of the present invention, the Tvu 
polymerase reverse transcriptase activity is utilized. In some embodiments, the reverse 
transcriptase activity is exhibited in the presence of magnesium or manganese ions. In other 
embodiments, the polymerase exhibits reverse transcriptase activity in the presence of 
magnesium ions and the substantial absence of manganese ions. Therefore, the present 
invention encompasses various reverse transcription methods using Tvu polymerase. In some 
embodiments, the reverse transcription reaction is conducted at about 50°C to 80°C, 
preferably about 60°C to 75°C. In still further embodiments, reverse transcription of an RNA 
molecule by Tvu polymerase results in the production of a cDNA molecule complementary 
to the RNA molecule. In other embodiments, the Tvu polymerase then catalyzes the 
synthesis of a second strand DNA complementary to the cDNA molecule to form a double 
stranded DNA molecule. In still further embodiments, the Tvu polymerase catalyzes the 
amplification of the double stranded DNA molecule in a PCR as described above. In some 
embodiments, the PCR is conducted in the same reaction mix as the reverse transcriptase 
reaction (i. e., coupled RT-PCR). 

V. Use of Tvu DNA Polymerases in DNA Sequencing Methods The present invention also 
contemplates the use of Tvu DNA polymerase in sequencing reactions. Thermal cycle 
sequencing is an alternative method for enzymatic sequence analysis that takes advantage of 
the intrinsic properties of thermophilic DNA polymerases, such as the one isolated from 
Thermus aquaticus (Taq DNA polymerase). Because the protocol utilizes a thermocy cling 
apparatus, several advantages are realized over conventional sequencing strategies. First, the 
protocol yields a linear amplification of the template DNA, reducing the amount of template 
required to achieve a detectable sequence ladder. Using a 32p end-labeled primer, greater 
than 500 bases of sequence can be obtained from as little as 4 fmol (4 x 10*5 moles) of 
template after an overnight exposure. Secondly, the high temperatures employed during each 
denaturation cycle eliminate the requirement for alkaline denaturation and ethanol 
precipitation of double-stranded DNA (dsDNA) templates. The denaturation cycles also help 
to circumvent problems associated with rapid reannealing of linear dsDNA templates such as 
PCR reaction products. Third, high annealing temperatures increase the stringency of primer 
hybridization. Fourth, the high polymerization temperature decreases the secondary structure 
of DNA templates and thus permits polymerization through highly structured regions (Innis 
et al., Proc. Natl. Acad. Sci USA 85 : 9436, 1988). Thermal cycle sequencing is useful for 
sequencing a wide variety of templates such as recombinant DNA, amplified DNA, large 
double-stranded DNA templates such as lambda, GC-rich templates and palindrome-rich 
templates. 

In some embodiments of the present invention, Tvu DNA polymerase is used to sequence 
nucleic acids. The sequence of a deoxyribonucleic acid molecule can be elucidated using 
chemical (Maxam and Gilbert, Proc. Natl. Acad. Sci. USA 74 : 560, 1977) or enzymatic 
(Sanger et al., Proc. Natl. Acad. Sci. USA 74 : 5463, 1977) methods. The enzymatic 
sequencing method is based on the ability of a DNA polymerase to extend a primer 
hybridized to the template that is to be sequenced until a chain-terminating nucleotide is 
incorporated (referred to as"chain terminating sequencing"). Each sequence determination is 
carried out as a set of four separate reactions, each of which contains all four 
deoxyribonucleoside triphosphates (dNTP) supplemented with a limiting amount of a 
different dideoxyribonucleoside triphosphate (ddNTP). Because ddNTPs lack the 3'-OH 
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group necessary for chain elongation, the growing oligonucleotide is terminated selectively at 
G, A, T, or C, depending on the respective dideoxy analog in the reaction. 

The relative concentrations of each of the dNTPs and ddNTPs can be adjusted to give a 
nested set of terminated chains over several hundred to a few thousand bases in length. The 
resulting fragments, each with a common origin but ending in a different nucleotide, are 
separated according to size by high-resolution denaturing gel electrophoresis. 

Incorporation of a label (e. g., a radiolabel or a fluorescent label) into the oligonucleotide 
chain permits the visualization of the sequencing products by autoradiography or 
fluorescence detection. The end-labeled primer protocol, a modification of a described 
procedure (Heiner et al., Applied Biosystems, Inc. DNA Sequencer Model 370 User Bulletin- 
Taq Polymerase : Increased Enzyme Versatility in DNA Sequencing, 1988), uses [-32P] 
ATP, [y-33PJATP or py-35S] ATP to label the sequencing primer. Alternatively, primers 
containing a fluorescent dye at the 5'terminus may be employed. The DNA template and 
labeled primer are repeatedly annealed and enzymatically extended/terminated in thermal 
cycle sequencing. The end-labeled primer protocol is the most versatile sequencing method 
and is useful when working with lambda DNA (Kaledin et al., Biokhimiya 45 : 494, 1980), 
PGR templates, and any template where false priming may be a problem. This protocol 
generates sequence data very close to the primer and is recommended when this is needed. 
The reaction also contains deaza nucleotide mixes that substitute 7-deaza dGTP for dGTP. 
The deaza mixes resolve band compressions associated with GC-rich regions (Mizusawa et 
al., Nucl. Acids Res. 14 : 1319, 1986, and Barr et al., Biotechniques 4 : 428, 1986). 

U. S. Patent No. 4, 707, 235 (the disclosure of which is herein incorporated by reference) 
provides an automated system for the electrophoresis and analysis of radiolabelled products 
using a multichannel electrophoresis apparatus that is useful in sequencing. It is 
contemplated that Tvu polymerase will find use in this method as well. 

EXAMPLES The following examples serve to illustrate certain preferred embodiments and 
aspects of the present invention and are not to be construed as limiting the scope thereof. 

In the disclosure which follows, the following abbreviations apply : °C (degrees 
Centigrade) ; g (gravitational field) ; vol (volume) ; w/v (weight to volume) ; v/v (volume to 
volume) ; BSA (bovine serum albumin) ; CTAB (cetyltrimethylammonium bromide) ; finol 
(femtomole) ; HPLC (high pressure liquid chromatography) ; DTT (dithiothreitol) ; DMF (N, 
N dimethyl formamide) ; DNA (deoxyribonucleic acid) ; p (plasmid) ; Itl (microliters) ; ml 
(milliliters) ; ttg (micrograms) ; pmoles (picomoles) ; mg (milligrams) ; MOPS (3- [N- 
Morpholino] propanesulfonic acid) ; M (molar) ; mM (milliMolar) ;, uM (microMolar) ; nm 
(nanometers) ; kd (kilodaltons) ; OD (optical density) ; EDTA (ethylene diamine tetra-acetic 
acid) ; FITC (fluorescein isothiocyanate) ; SDS (sodium dodecyl sulfate) ; NaP04 (sodium 
phosphate) ; Tris (tris (hydroxymethyl)-aminomethane) ; PMSF 

(phenylmethylsulfonylfluoride) ; TBE (Tris-Borate-EDTA, i. e., Tris buffer titrated with 
boric acid rather than HC1 and containing EDTA) ; PBS (phosphate buffered saline) ; PPBS 
(phosphate buffered saline containing 1 mM PMSF) ; PAGE (polyacrylamide gel 
electrophoresis) ; SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) ; 
Tween (polyoxyethylene-sorbitan) ; Boehringer Mannheim or BM (Boehringer Mannheim, 
Indianapolis, IN) ; Epicentre (Epicentre Technologies, Madison, WI) ; New England Biolabs 
or NEB (New England Biolabs, Beverly, MA) ; Novagen (Novagen, Inc., Madison, WI) ; 
Pharmacia (Pharmacia Biotech Inc., Piscataway, NJ) ; Perkin Elmer (Perkin Elmer, Norwalk, 
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CT) ; Promega (Promega Corp., Madison, WI) ; Qiagen (Qiagen Inc., Chatsworth, CA) ; 
Spectra (Spectra, Houston, TX) ; Stratagene (Stratagene Cloning Systems, La Jolla, CA) ; 
USB (U. S. Biochemical, Cleveland, OH) ; Tomah (Tomah Products Inc., Tomah, WI). 

Example 1 Purification of Tvu DNA Polymerase This example describes the purification of 
native T. vulgaris (Tvu) DNA polymerase. 

Tvu cells were obtained from the ATCC (Accession Number 43649). This purified 
polymerase was then used in the experiments represented in Examples 2 through 10. One 
milliliter from the frozen seed vial was thawed and inoculated into 1 liter Luria broth. The 
medium was supplemented with 1 0 ml of 20% glucose. The culture was grown for 1 5 hours 
on a shaker at 55°C and 250 rpm. Five hundred milliliters of this culture were added to 17. 5 
liters medium in a 20-liter fermenter. The culture was grown at 55°C. The culture growth 
was monitored spectrophotometrically at 580 run and measured based on wet weight of cell 
pellets from 40 ml of broth. After 4. 75 hours, the contents were chilled and harvested using 
a CEPA tubular bowl centrifuge. The net yield of cell paste was 69. 0 g. The cell paste was 
stored in a freezer at-85°C, until purification of Tvu DNA polymerase was performed. 

Thirty grams of cell paste were suspended in ice cold 150 ml 0. 25 M NaCI TEDGT buffer 
(50 mM Tris-HCl at pH 7. 3, 1 mM EDTA, 1 mM DTT, 10% Glycerol, and 0. 1% Tween 20) 
containing 2. 5 mM PMSF, and lysed by sonication on ice. Then 1 1. 5 ml of 5% PEI was 
added to the lysate to precipitate the DNA. The following purification steps were performed 
at 4°C. Centrifugation (15, 000 rpm in a Beckman JA1 8 rotor for 1 5 minutes) was used to 
separate the supernatant from the precipitate. The supernatant was then collected, and 
ammonium sulfate was added to a final saturation of 65% to precipitate the DNA 
polymerase. 

Centrifugation (15, 000 rpm in a Beckman JA1 8 rotor for 20 minutes) was used to separate 
the ammonium sulfate precipitate from the supernatant. The precipitate was collected, 
suspended in TEDGT buffer and dialyzed against TEDGT buffer to remove the ammonium 
sulfate. 

The dialyzed solution was then loaded onto a Heparin- Agarose column (SPL 1905-0004) 
equilibrated with TEDGT buffer. After washing the column with TEDGT buffer, elution was 
performed by applying a linear gradient of 0 to 1 M NaCI TEDGT buffer. The fractions were 
collected, and assayed for DNA polymerase activity as described in Example 2. 

Fractions with DNA polymerase activity were pooled. The presence of endonucleases was 
determined by incubating the equivalent of 1/64, 1/16, 1/8, 1/4, 1/2, and I p. 1 of the pooled 
fractions with 1 llg lambda DNA (Promega, D150) in buffer E (Promega, R005A) for one 
hour at 74°C. Agarose gel analysis of the digest showed no restriction enzyme activity. The 
pooled fractions were dialyzed against TEDGT buffer, then loaded onto a TEDGT buffer 
equilibrated Cibacron Blue column (Sigma, C-1535). After washing the column with 
TEDGT buffer, elution was performed with a linear gradient of 0 to 1 M NaCI TEDGT 
buffer. The eluate was collected in fractions, and each fraction was assayed for DNA 
polymerase activity. 

Fractions that contained DNA polymerase activity were pooled, dialyzed against TEDGT 
buffer, and loaded onto a TEDGT buffer equilibrated DEAE-Sepharose column (Sigma, 
DCL-6B-100). After washing the column with TEDGT buffer, elution was performed with a 
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linear gradient of 0 to 1 M TEDGT buffer. The eluate was collected in fractions, and assayed 
for DNA polymerase activity. The fraction that showed the highest DNA polymerase activity 
was dialyzed against TEDGT buffer before it was loaded onto a TEDGT equilibrated DNA- 
Agarose column (Promega). After washing the column with TEDGT buffer, elution was 
performed with a linear gradient of 0 to 1 M NaCI TEDGT buffer. The eluate was collected 
in fractions, and assayed for DNA polymerase activity. 

Endonuclease and nickase activities were assayed by incubating 5 p. I of fractions with the 
highest DNA polymerase activity with 1 llg of PWX174 DNA digested with Hae III 
restriction enzyme (Promega, G176A) or pBR322 plasmid DNA (Promega D151A) in buffer 
E (Promega R005A) for 3 1/3 hours at 70°C. Fractions that showed highest level of DNA 
polymerase activity and no substantial endonuclease or nickase activity were pooled to yield 
a 3 ml solution. Sixty microliters 10% Tween 20 and 60 p. I 10% NP40 detergents were 
added, and dialyzed against the storage buffer (20mM Tris-HCl pH8. 0, lOOmM KC1, O. 
ImM EDTA, ImM DTT, 50% glycerol, 0. 5% NP-40, and 0. 5% Tween 20), diluted with the 
storage buffer to a concentration of 5 units (as defined in Example 2) per microliter and 
stored at-20°C This experiment demonstrated that the Tvu DNA polymerase was purified to 
greater than 95% pure as indicated by the substantial absence of nuclease contamination, and 
a predominant band at about 97 kD when compared to Mark 1 2 size markers (No vex, 
LC5677) on a 4-20% gradient Tris-Glycine gel (Novex EC6025). 

Example 2 DNA Polymerization Activity Assay Activity of native, thermostable Tvu DNA 
polymerase purified as described in Example 1 was assayed by incorporation of radiolabeled 
dTTP into nicked and gapped (i. e., activated) calf thymus DNA prepared as described 
below. One unit of thermostable DNA polymerase is defined as the amount of enzyme 
required to catalyze the incorporation of 10 nmol of dNTP into an acid-insoluble form in 30 
minutes at 74°C. The reaction conditions comprised : 50 mM Tris-HCl (pH 9. 0 at 25°C), 50 
mM NaCI, 10 mM MgC12, 12 Ag activated calf thymus DNA, 0. 2 mM dATP, 0. 2 mM 
dGTP, 0. 2 mM dCTP, 0. 2 mM dTTP (Promega, U1240), and 1 . Ci of 3HdTTP (Amersham, 
&num;TRK. 424) per 50 pi reaction. 

The reaction components were assembled at room temperature. Samples suspected of 
containing polymerase activity were added (5 pi containing 0. 05 to 0. 5 units) and the tube 
was incubated at 74°C for 30 minutes. Then, 50, ul aliquots were removed at 6, 9, 12, and 15 
minutes and placed in separate tubes on ice. The 3H-dTTP incorporation was determined by 
measuring TCA precipitation counts by the following procedure. To each 50 gel aliquot, 500 
111 10% cold TCA solution was added and the tubes were incubated on ice for 10 minutes 
before the contents of each tube were filtered onto a separate GF/A filter (Whatman, 1 820 
024). The filters were washed with 5 ml 5% cold TCA solution three times, and once with 
acetone. The filters were dried under a heat lamp, put into a scintillation vial, and then 
counted in a liquid scintillation counter in scintillation fluid (Beckman, 158735). A no- 
enzyme negative control was also performed using 50 . 1 DNA polymerase activity assay mix 
and washed as above. The total counts of each reaction were determined using S pLl of 
DNA polymerase activity assay mix directly. 

Activated calf thymus DNA was prepared by dissolving 1 g calf thymus DNA (#D- 151, 
Sigma) in 400 ml TM buffer (10 mM Tris-HCl (pH 7. 3), 5 mM MgCI2). Four hundred 
microliters of a solution containing 40 unites of RQl-DNase (Promega) in TM buffer was 
added to the DNA solution and incubated at 37°C for 10 minutes. The DNase digestion was 
stopped by heating the DNA solution at 68°C for 30 minutes. The activated calf thymus 
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DNA was stored at-20°C until used. The activated calf thymus DNA was heated to 74°C for 
10 minutes and then cooled to room temperature before use. 

Example 3 Comparison of RT Activity of Thermostable DNA Polymerases in the Presence 
of Mg2+ or Mn2+ Ions. 

This example describes the determination of the reverse transcriptase activity of several 
different DNA polymerases in the presence of either Mg2+ or Mn2+ ions. In these 
experiments, a reverse transcription (RT) reaction mix was used. The final concentration of 
each component in a reaction was : 10 mM Tris-HCl (pH 8. 3), 90 mM KC1, 0. 5 mM dTTP 
(Promega, U123A), 0. 25 mM polyriboadenylate, 0. 025 mM oligodeoxythymidylate 
(Supertechs 1 1 1020A), and 0. 25 pCi 3HdTTP (Amersham Life Science, catalog 
&num;TRK. 424) in 50 zip reaction volume. 

Each zizi aliquot of the RT reaction mix was mixed with 2 1(10 units) of one of the DNA 
polymerases, and 1 go ouf either 50 mM MnC12 or 50 mM MgC12. The solutions were then 
incubated at 70°C for 1 5 minutes. Reactions were stopped by placing them on ice. native 
Taq, sequencing grade Taq (sTaq), and Tth were from Promega (Ml 66, M203, M210 
respectively), Tne was purified as described in U. S. patent number 6, 001, 645 incorporated 
herein by reference. The negative control was performed as described but without addition of 
any enzyme. 

The 3HdTTP incorporation was determined by measuring, TCA precipitation counts as 
follows. Each RT reaction was TCA precipitated by adding 10 111 calf thymus DNA 
(Img/ml), 500 ul 10% cold TCA solution, and then allowed to sit on ice for 10 minutes 
before it was filtered onto GF/C filter (Whatman, 1 822024). The filter was washed with 5 ml 
5% cold TCA solution three times, and once with acetone. The filter was dried under a heat 
lamp, and then counted in a liquid scintillation counter in scintillation fluid (Beckman, 
158735). The results (corrected for background) are presented in Table 2. 

Table 2 Reverse Transcriptase Activity C, 12 Wd.-.-.. T. P Y. 2 0 g z., t.) Incorp. oratron 
(ePM) native Tvu 1 35654 35G54 native Tvu-10502 1 Taq 1-1 1 1 10 Taq 70 sEaq+ 1 9920 
sTaqA I 192 Tth 1-1 1201 Tth * 1-19988 Table 2 Reverse Transcriptase Activity Tth* - 1 160 
Tne 1 - 14456 Tne-1 1 14 * Reaction was done in 0. 05% Tomah E-18-15 detergent 
Sequencing grade Taq This experiment demonstrated that : 1) the DNA polymerases tested 
had high RT activity in the presence of Mn2+ ; 2) addition of 0. 05% Tomah E-18-15 
detergent (See, e. g., U. S. Patent Application 09/338, 174, incorporated herein by reference) 
increased Tth RT activity by 80% in Mn2+ buffer ; and 3) of the polymerases tested, only 
Tvu DNA polymerase has significant reverse transcriptase activity in the presence of Mg2+ 
ions. As indicated by the data, the reverse transcriptase activity of Tvu DNA polymerase is 
approximately 150 times higher than native Taq DNA polymerase, approximately 52 times 
higher than sequencing-grade Taq DNA polymerase, approximately 66 times higher than Tth 
DNA polymerase, and approximately 92 times higher than ? ne DNA polymerase in the 
presence of ImM MgC12- Example 4 Reverse Transcriptase Activity of Tvu DNA 
Polymerase Tested Over a Range of Magnesium Concentrations This example describes the 
determination of the magnesium ion concentration at which Tvu DNA polymerase has the 
highest reverse transcriptase activity. A reverse transcription (RT) reaction mix was prepared 
as described in Example 3 above, except that 10 mM KC1 (i. e., instead of 90mM KCI) was 
used in the 1 OX RT buffer. The mix components and their concentrations are indicated in 
Table 3. Table 3 Reverse Transcriptase Reactions Component Amount 50mM MgC12 (111) 1 



file://C:\Documents%20and%20Settings\7118\My%20Documents\WIPO\WO-01-64838.h... 1/24/2006 



(WO 01/64838) THERMOPHILIC DNA POLYMERASES FROM THERMO ACTIN . . . Page 40 of 50 

* 



1.52 2. 500000 lOOmM MgC12 (, 1) 0 0 0 0 1. 5 1. 75 2 2. 5 0 5u/l 7w (jul) 222222 220 
RT reaction mix (mil) 45 45 45 45 45 45 45 45 45 . Mg2+ Concentratio. n iil Each it-eactioii 
1. 0 1. 5 2. 0 2. 5 3. 0 3. 5 4. 0 5. 0 0 Each reaction was incubated at 70°C for 20 minutes. 
Reactions were stopped by placing them on ice. The 3HdTTP incorporation was determined 
by measuring TCA precipitation counts as described in Example 3. The results are presented 
in Table 4 (all values shown were corrected for background). 

Table 4 Reverse Transcriptase Assay RdT T.. : : APorporat 1 . 0 14464 1 1.5 22787 2. 0 

25427 I 3. 0 32395 I 3. 5 25580 4. 0 27472 5. 0 26487 4. 0 27472 5. 0 26487 This experiment 
demonstrates that the reverse transcriptase activity of Tvu DNA polymerase increased at 
levels from 1 to 3 mM Mg2+, was maximum at 3 mM Mg'+, and then decreased when the 
Mg2+ concentration was increased above 3 mM. 

Example 5 Reverse Transcriptase Activity of Tvu DNA Polymerase Tested Over a Range of 
Manganese Ion Concentrations This experiments describes the determination of the optimum 
Mn M concentration for reverse transcriptase activity. A reverse transcription (RT) reaction mix 
was prepared as described in Example 3, except that Tomah E-l 8-1 5 detergent was added to 
a final concentration of 0. 01%, and Tvu DNA polymerase was added to a final concentration 
of 0. 07 units per tl of RT reaction mix. The mix components are indicated in Table 5. Table 
5 Reverse Transcription Reactions C... P.,, nt. t. . iount,... Tm ° 25mMMnC12 (1) 0 0 1. 2 1. 4 
1. 6 1. 8 2. 0 lOmM MnC12 (1 1 1) 2 2. 5 0 0 0 0 0 RT reaction mix (nul) 45 45 45 45 45 45 45 
0 f W R. 2+ 0 7 t =, 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1 . 0 Each reaction was incubated at 74°C for 20 
minutes. Reactions were stopped by placing them on ice. The 3HdTTP incorporation was 
determined by measuring TCA precipitation counts as described in Example 3. The results 
are shown in Table 6 (all values shown were corrected for background). Table 6 Reverse 
Transcriptase Activity MnCI2 (mM) 3HdTTP incorporation (CPM) 0. 4 7670 0. 5 8258 0. 6 
9200 0. 7 871 8 0. 8 7600 0. 9 761 6 1 . 0 761 0 This experiment demonstrates that the reverse 
transcriptase activity of Tvu DNA polymerase increased as the level of Mn2+ in the reaction 
increased from 0. 4 to 0. 6 mM, was maximum at 0. 6 mM Mn2+, and decreased when Mn2+ 
concentration was increased above 0. 6 mM. 

Example 6 Tvu Reverse Transcriptase Activity in Mg2+ Buffer This example measures the 
reverse transcriptase (RT) activity of Tvu DNA polymerase in a buffer containing 
magnesium.. In these experiments, a RT reaction mix was prepared with the final 
concentration of each component of the mix in a reaction : 50mM Tris-HCl (pH 8. 3), 40mM 
KC1, 0. 5mM dTTP (Promega, U123A), 7mM MgC12, lOmM DTT, 0. 25mM 
polyriboadenylate, 0. 025mM oligodeoxythymidylate (Supertechs, #1 1 1020A), and 0. 25 Ci 
3HdTTP (Amersham, TRK. 424) in a 50 111 reaction. 

A 45 111 aliquot of the RT reaction mix was mixed with 1 . 25 units enzyme. The solution was 
then incubated at 74°C for 15 minutes. The reactions were stopped by placing them on ice. 
The experiment was repeated for differing amounts of enzyme. A negative control was 
performed without any enzymes. 

The results are presented in Table 7 (all values shown were corrected for background) Table 
7 Reverse Transcriptase Activity Enzyme Units 3EfdTTP Incorporation (CPM) tu DNA 
Polymerase at 74°C 1.25 2054 2.5 2890 5 15786 Example 7 Thermostability of Tvu DNA 
Polymerase This example was performed to determine the thermostability of Tvu DNA 
polymerase. 
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Tvu DNA polymerase (0. 08 units) was added to 55 111 of DNA polymerase activity assay 
mix described in Example 2. The solution was incubated at 70°C for 10 minutes. The 
reaction was terminated by placing the tube on ice. The 3H-dTTP incorporation was 
determined by measuring TCA precipitation counts (See Example 2). The experiment was 
repeated using incubation temperatures of 72, 74, 76, 78, and 80°C. The results are presented 
in Table 8 (all values were corrected for background). Table 8 Thermostability -Tneor :, , 
ratuxe.. C I : dTT. Inco oxa z r' : t'oii. P 70 7458 72 6556 74 3834 76 1202 78 790 80 596 
This experiment demonstrates that Tvu DNA polymerase activity decreases as the 
temperature increases above 70°C and that the optimal temperature for Tvu DNA polymerase 
activity is about 70°C or lower. 

Example 8 Tvu Reverse Transcriptase Activity at High Temperature. 

This example was performed to determine the optimum temperature for the reverse 
transcriptase activity of Tvu DNA polymerase. A 25 pi solution, containing 2. 5 units Tvu 
DNA polymerase, 2 mM MgC12, and IX RT reaction mix (See Example 3) was made. The 
solution was incubated at 65°C for 10 minutes. The reaction was then terminated by placing 
it on ice. The 3H-dTTP incorporation was determined by measuring TCA precipitation 
counts as described in Example 3 . The experiment was repeated using incubation 
temperatures of 68, 70, 72, 74, 76, and 78°C. The results obtained are presented in Table 9 
(results were corrected to remove background). Table 9 Reverse Transcriptase Activity at 
High Temperature ! HdTTP : 0 Terin erature C : Tvu DNA Polymerase 65 1756 68 1906 70 
1458 72 1432 74 620 76 560 78 530 72 1432 74 620 _ 76 560 78 530 This experiment 
demonstrates that Tvu DNA polymerase reverse transcriptase activity increases as the 
reaction temperature rises from 65°C to 68°C, is maximum at 68°C, and then decreases at 
temperatures above 74°C. This suggests that the optimal temperature for the reverse 
transcriptase activity of Tvu DNA polymerase is approximately 68°C. 

Example 9 Tvu DNA Polymerase PCR To demonstrate that Tvu DNA polymerases can be 
used to perform PCR, the following experiment was performed. A 49 pi solution, containing 
PCR buffer, dNTP (Promega U 1 240), template DNA, primer A, primer B (DNAs described 
below), and additives (Betaine for Bst, Formamide for Tvu) was made. The solution was 
incubated in a thermocycler at 95°C for 2 minutes. The solution was then cooled to and 
incubated at 65°C for 2 minutes. 

During this time, 1 1 11 Tvu DNA polymerase (5 II/, ul) was added to the solution to bring the 
final concentration of each component to the following : 10 mM Tris-HCl (pH 7. 5), 50 mM 
NaCl, lOmM MgC12, 1. 5 mM dNTP, 1 0 ng template DNA, 1 ylM primer A, ^M primer 
B, and 0. 5% Formamide for Tvu. The solution was incubated for 35 cycles (75°C for 15 
seconds, and 65°C for 2 minutes). The final extension reaction was performed at 65°C for 5 
minutes. The reaction was then stored at 4°C. Ten Bl of the reaction were then loaded onto a 
20% TBE gel (Novex, EC63 1 5). The gel was run at 230 volts for 60 minutes and stained 
with ethidium bromide. A 36 bp band was detected for both DNA polymerase reactions. 

This example demonstrates that Tvu DNA polymerase is capable of performing PCR under 
the conditions described in this example. 

In these experiments, Primer A had the following sequence : 5 f -GACGTCGCATGCTCCT- 

3 f (SEQ ID NO : 7) ; Primer B had the following sequence : sequence 5*- 

ACCG A ATTCCTCG AGTC-3 1 (SEQ ID NO : 8).. Template DNA was made by digesting 
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plasmid pGEM-7fz+ (Promega, p225A) with restriction enzymes Apa I and Kpn I. 

Example 1 0 Cloning Recombinant Tvu DNA Polymerases- Wild-type and Mutant Forms 
Cloning of Gene Encoding Wild-type Tvu DNA polymerase Genomic DNA was isolated 
from Tvu and used to clone the full-length Tvu DNA polymerase into an expression vector. 
Two mutant recombinant Tvu DNA polymerases were then constructed, both of which have 
deleted the 5 ? to 3 f exonuclease-encoding domain. 

Genomic DNA was isolated from Tvu by resuspending Tvu cells grown overnight in Luria 
Broth in TE (10 mM Tris, 1 mM EDTA) and vortexing vigorously. The cell solution was 
then combined with 0. 1mm glass/zircon beads and beaten at 5000 rpm for 2 cycles of 20 
seconds each. The cells were then fully dispersed and appeared to be lysed. The liquid was 
transfered to a fresh tube and extracted twice with phenol and once with chloroform. Each 
time the aqueous phase was transferred to a clean tube. The aqueous phase was then treated 
with RNase I and ethanol precipitated. The DNA was spooled and washed in 70% ethanol 
before drying. The dried DNA pellet was then resuspended in TE to a final concentration of 3 
lug/ The DNA polymerase domain was amplified from the Tvu genomic DNA by PCR. 

The following components were combined : Tvu genomic DNA (predenatured at 98°C, 2 
minutes) 1 al Primer JH47 (500 picomoles) 1 111 Primer JH49 (500 picomoles) 1 pi 1 OX Taq 
buffer with 1 5mM MgC12 (Promega) 5 1111 OmM dNTPs 1 all Nanopure water 40 1 The 
sequence of the degenerate primers used are conserved in DNA polymerases and are listed 
below : JH47 TAGAGCGGCCGCGAYCCIAAYYTICARAAYAT (SEQ ID NO : 9) JH49 
CTGCGGCCGCCTAIIACIAIYTCRTCRTGIAC (SEQ ID NO : 10) Y indicates a 
pyrimidine (T or C) I indicates inosine which anneals with any of the four conventional bases 
R indicates^ purine (A or G) The PCR cycling profile was : 96°C, 1 min (94°C, 15 sec ; 32° 
C, 30 sec ; 72°C, 1 min) x 25 cycles, 72°C 1 minute. A 600 base pair fragment was produced 
as expected. The PCR product was purified with Wizard PCR Purification System (Promega, 
A7170) according to manufacturer's instructions. Twenty-five nanograms of the fragment 
was ligated to 50 ng T- vector (Promega, A3600) according to manufacturer's instructions. 
Four microliters of the ligation was transformed into competent JM109 cells. Clones were 
selected, digested with the Pvu II restriction enzyme and demonstrated to contain the 600 
base pair PCR product. The product was sequenced by dideoxy sequencing. When the 
resulting amino acid sequence encoded by this polynucleotide was compared to the amino 
acid sequence of E. coii PolA and Taq DNA polymerase, it demonstrated about 50% 
homology to both, indicating that the cloned PCR product originated from the DNA 
polymerase gene of Tvu. 

Oligonucleotide 1 1300 (5 f -GCGCG AAGAACGGCTGC AGGC-3 ', SEQ ID NO : 1 1) which 
is within the 600 bp PCR fragment was labelled with 3 3 P- ATP using T4 polynucleotide 
kinase and used as a probe for a Southern blot. The Southern blot had Tvu genomic DNA 
digested with one of seven different restriction enzymes (BarrzH I, Acc65 I, Apa I, EcoR I, 
Hind III, Spe I, Xba I, XhO I) per lane. The prehybridization conditions were 65°C, 1 . 5 
hours in 3 ml of IX SSPE, 10% PEG-8000, 7% SDS, 250 ug/ml denatured Herring Sperm 
DNA. 

Hybridization conditions were the same solution as used for the prehybridization with the 
addition of the radiolabeled probe purified on a G-25 column and reaction at 50°C for four 
hours. The washes were 15 to 30 minutes each, 200 ml of 0. 3X SSC, 0. 1% SDS at 25°C, 
repeated, followed by three washes of 200 ml of 0. 3X SSC, 0. 1% SDS at 50°C. The blot 
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was then exposed to X-OMAT film for 2 days at 22°C. There was one band of about 3 kb 
detectable in the Hind III digested lane and one band larger than 1 0 kb detectable in the Xho 
I digested lane. 

Tvu genomic DNA was digested with Hind III restriction enzyme and run into a 0. 4% TAE 
agarose gel. The region near the 3 kb position was cut out of the gel, purified with Wizard 
PCR Purification System (Promega, A7170). The purified 3kb fragment was ligated into 
pZERO-2 (Invitrogen) and transformed into TOP 10 cells (LTI). Ninety-six clones were 
picked and each grown in 200 ul LB media containing 30 p/ml kanamycin, shaking overnight 
at 37°C. The cultures were dot blotted using oligonucleotide 1 1300 described above as the 
probe and prehybridization and hybridization conditions also described above. The washes 
were two 150 ml washes of 0. 5X SSC, 0. 1% SDS at 25°C, 15-30 minutes each, followed by 
three 150 ml washes of 0. 5X SSC, 0. 1% SDS at 50°C, 15-30 minutes each. The blot was 
then exposed to X-OMAT film for two hours and developed. Two colonies produced a strong 
signal. They were grown and plasmid isolated therefrom. The cloned fragments in the 
plasmids were sequenced and indicated that the Hind III restriction enzyme site was 183 base 
pairs upstream of the QNIP conserved region indicating about one third of the DNA 
polymerase gene (the C-terminus) was present in the clone. 

To clone upstream of the Hind III site in the gene, a second PCR amplification was designed 
to amplify the region upstream of the Hind III site. Again, a degenerate primer (JH3 1) was 
used that contained conserved sequence present in DNA polymerases. The second primer 
(1 1299) was chosen from within the previously cloned Hind HI. fragment of Tvu DNA 
polymerase. The following PCR reaction was assembled : Tvu genomic DNA 1 il JH3 1 
primer 400 pmoles 4 il 1 1299 primer 50 pmoles 5 u. 1 10 mM dNTPs 1 ul 10X Taq buffer 5 
ul 50 mM MgS04 2 ul Taq polymerase 1 fil Water/enhancer 31 u. 1 JH31 
TTCAACCIIAACTCIIIIIAICAGCT (SEQ ID NO : 12) 1 1299 

CGGCTCCGACGGCACGAACG (SEQ ID NO : 13) The PCR cycling conditions were 96° 
C, 1 minute (94°C, 15 sec ; 37°C, 30 sec ; 72°C, 1 minute) x 25, 72°C, I minute. The PCR 
reaction was run on a 1 . 2% TBE/agarose gel. The resulting 350 bp band was as expected and 
was purified using Wizard PCR Purification System (Promega, A7170). The fragment was 
ligated into a T- vector and transformed into JM109 cells. Positive clones were sequenced. 
The sequence downstream from the Hind III site was identical to the previous clone. The 
sequence upstream of the Hind III site encoded amino acids homologous to other DNA 
polymerases. 

New Tvu genomic DNA was isolated as previously described, except cells were lysed with 
Proteinase K, in order to obtain DNA that was less sheared than the present stock. An 
oligonucleotide (1 1761) was prepared using sequence upstream of the Hind III site obtained 
as described above. This oligonucleotide sequence is listed below : 1 1761 
TCAACACCGGGAGCTGCAGCTTGTCA (SEQ ID NO : 14) Tvu genomic DNA was 
digested with Hind III or Hind III plus another restriction enzyme (Acc I, BamH I, Bgl II, 
EcoR I, Spe I, Xba I, Xho I, Xho II) and each digested sample run on a lane of a 0. 6% 
TBE/agarose gel. The DNA in the gel was transferred to a nylon membrane by Southern blot 
procedure. The 1 1761 oligonucleotide was end labelled with 33P-gamma-ATP using T4 
polynucleotide kinase and purified over a NAP-5 column (Pharmacia) according to 
manufacturer's instructions. Prehybridization, Hybridization, and Wash conditions were as 
previously described. The membrane was then exposed to X-OMAT film for several days 
and developed. There was a 4 kb band in all of the lanes except for the Hind III + EcoR I 
digest lane in which the band was slightly smaller. These results indicate that there is a Hind 
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III restriction enzyme site located about 4 kb upstream of the Hind III site previously 
localized to the coding sequence of Tvu DNA polymerase. 

Tvu genomic DNA was digested with Hind III and run into a 0. 6% TBE/agarose gel. 

The agarose at the 4 kb position was cut out of the gel and the DNA isolated. The resulting 
DNA was ligated into pZERO-2 (Invitrogen) at the Hind III site and transformed into TOP 10 
cells. Clones were screened by dot blot as described above using the 1 1761 radiolabeled 
oligonucleotide as the probe. A positive clone was grown, the plasmid purified, and the insert 
containing the remainder the Tvu DNA polymerase gene was sequenced. 

The two Hind III fragments were cloned in correct order into Litmus 29 plasmid (New 
England Biolabs) and resequenced across fragment junctions. This full length clone of Tiit 
DNA polymerase in Litmus 29 plasmid is named L29b. The resulting open reading frame 
nucleotide sequence is SEQ ID NO : 1 . 

Mutant Tvu DNA Polymerase Construction-T289M The construction of T289M mutant of 
Tvu DNA polymerase resulted in a plasmid containing an IPTG-inducible mammalian 
promoter directing expression of the Tvu DNA fragment beginning at the nucleotides 
encoding amino acid 289 of the wild type enzyme, mutated to encode a methionine residue 
instead of a threonine, and ending at the termination codon of the wild type enzyme. 

The JHEX25 vector (Promega) was digested with Nco I and Acc65 I restriction enzymes and 
the large linear band isolated from an agarose gel. The L29b vector, described above, was 
digested with Sgf I and Acc65 I restriction enzymes and the 1 . 8 kb band isolated from an 
agarose gel. The Sgf I cut site in L29b is located 912 base pairs downstream from the 
polymerase start codon and the Acc65 I cut site in L29b is located 69 base pairs downstream 
from the polymerase termination codon. 

Oligonucleotides 12144 and 12145 were designed such that when they are annealed to each 
other an Sgf I overhang exists on one end and an Nco I overhang exists on the other end. 

The ATG within the Nco I site creates the new, non-native start site for the T289M DNA 
polymerase. The oligonucleotides were annealed by combining in a tube 2 pmols/111 of each 
in TNE (10 mM Tris, 5 mM NaCl, 1 mM EDTA), placing the tube in a 9600 thermocycler 
and slowly decreasing the temperature from 80°C to 25°C over a period of 40 minutes. 

The purified Sgf II Acc65 I fragment of L29b was ligated to 2 pmols of annealed 
12144/12145 oligonucleotides using T4 DNA ligase at room temperature for about two 
hours. 

Four microliters of the ligation reaction was then transformed into JM109 cells and plated 
onto LB plates containing tetracycline. Colonies were screened by isolating plasmid and 
digesting with Nco I and Acc65 I restriction enzymes and further confirmed to be correct by 
dideoxy sequencing across the sequence encoding the DNA polymerase. The plasmid was 
named TvuK-25. The nucleotide sequence encoding the T289M polymerase is shown in 
Figure 7, SEQ ID NO : 5. The amino acid sequence of T289M polymerase is shown in 
Figure 8, SEQ ID NO : 6. 

12144 CATGGATGAAGGTGAGAAGCCACTGGCCGGGATGGACTTTGCGAT (SEQ 
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ID NO : 15) 12145 CGCAAAGTCCATCCCGGCCAGTGGCTTCTCACCTTCATC (SEQ 
ID NO : 16) Mutant Tvu DNA Polymerase Construction-M285 The construction of the 
M285 mutant of Tvu DNA polymerase resulted in a plasmid containing an IPTG-inducible 
mammalian promoter directing expression of the Tvu DNA fragment beginning at the 
nucleotides encoding the methionine amino acid at position 285 of the wild type enzyme and 
ending at the termination codon of the wild type enzyme. 

The TvuK-25 plasmid described above was digested with Dra I and Sgf I restriction 
enzymes. The large linear band was isolated from an agarose gel. Oligonucleotides 12230 
and 1 223 1 were designed such that when they are annealed to each other an Sgf I overhang 
exists on one end and a Dra I overhang exists on the other end. The oligonucleotides were 
annealed by combining in a tube 2 pmols/, 1 of each in TNE (10 mM Tris, 5 mM NaCI, 1 
mM EDTA), placing the tube in a 9600 thermocycler and slowly decreasing the temperature 
from 80°C to 25°C over a period of 40 minutes. 

The purified Sgf VDra I fragment of TvuK-25 was ligated to 2 pmols of annealed 
12230/12231 oligonucleotides using T4 DNA ligase at room temperature for about two 
hours. 

Four microliters of the ligation reaction was then transformed into JM109 cells and plated 
onto LB plates containing tetracycline. Colonies were screened by isolating plasmid and 
digesting with either Dra I or AccB7 I restriction enzymes and further confirmed to be 
correct by dideoxy sequencing across the sequence encoding the DNA polymerase. 

The nucleotide sequence encoding the M285 polymerase is shown in Figure 5, SEQ ID NO : 
3. The amino acid sequence of M285 polymerase is shown in Figure 6, SEQ ID NO : 4. 

1 2230 AAACCATGGCAGTTCAAACCGATGAAGGCGAGAAACCA 
CTGGCTGGGATGGACTTTGCGAT (SEQ ID NO : 17) 12231 
CGCAAAGTCCATCCCAGCCAGTGGTTTCTCGCCTTCATCG 

GTTTGAACTGCCATGGTTT (SEQ ID NO : 18) Example 1 1 Expression and Purification 
of Recombinant Tvu DNA Polymerases The recombinant Tvu DNA polymerases, both full- 
length and mutant, were expressed and purified as described herein. For the full-length clone, 
a liter of Terrific Broth containing 100 ug/ml ampicillin was grown at 37°C to saturation with 
E. coli transformed with the vector capable of expressing recombinant full-length Tvu DNA 
polymerase (described in Example 1 1). The cells were harvested by centrifugation at 9, 000 
rpm for 5 minutes. 

For the full-length recombinant Tvu DNA polymerase, 20 g cell paste was combined with 
200 ml of 0. 25 M NaCI TEDG (50 mM Tris-HCl at pH 7. 3, 1 mM EDTA, 1 mM DTT, and 
10% Glycerol) containing 2. 5 mM PMSF. The solution was sonicated at 100% output three 
times for two minutes each at 10°C. The solution (40 ml aliquots) was then heat treated at 
65°C for 5 minutes and then cooled to 4°C. Then 4 ml of 5% PEI was added to the lysate to 
precipitate theDNA. The following purification steps were performed at 4°C. 

Centrifugation (12, 000 rpm in a Beckman JA18 rotor for 90 minutes) was used to separate 
the supernatant from the precipitate. The supernatant was then collected, and ammonium 
sulfate was added to a final saturation of 65% to precipitate the DNA polymerase. 
Centrifugation (15, 000 rpm in a Beckman JA1 8 rotor for 30 minutes) was used to separate 
the ammonium sulfate precipitate from the supernatant. The precipitate was collected, 
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suspended in TEDG buffer and dialyzed against TEDG buffer containing 2. 5 mM PMSF 
overnight to remove the ammonium sulfate. 

The dialyzed solution was then loaded onto a Heparin- Agarose column (SPL 1905-0004) 
equilibrated with TEDG buffer. After washing the column with TEDG buffer, elution was 
performed by applying a linear gradient of 0 to 0. 6 M NaCl TEDG buffer. The fractions 
were collected, and assayed for DNA polymerase activity as described in Example 2. 

The presence of endonucleases was determined by incubating 2 J. 1 of fractions with 1 ug 
lambda DNA (Promega, D150) or pBR322 plasmid DNA in activity assay buffer for 17 
hours at 70°C. Agarose gel analysis of the digest showed no evidence of nuclease 
contamination. 

Fractions with DNA polymerase activity were pooled. The pooled fractions were dialyzed 
against TEDG buffer, then loaded onto a TEDG buffer equilibrated Cibacron Blue column 
(Sigma, C-1535). After washing the column with 0. 05 M NaCl/TEDG buffer, elution was 
performed with a linear gradient of 0. 05 to 0. 75 M NaCl/TEDG buffer. The eluate was 
collected in fractions, and sample fractions were assayed for DNA polymerase activity and 
retested for nuclease contamination. No such contamination was detected. The fractions with 
DNA polymerase activity were pooled and Tomah-34 detergent added to a final 
concentration of 0. 2% (See, e. g., U. S. Patent Application 09/338, 174, incorporated herein 
by reference). 

The polymerase solution was then dialyzed overnight against the storage buffer (50% 
glycercol, 20 mM Tris, pH 8. 0 at 25°C, 100 mM KCI, 0. 1 mM EDTA, 1 mM DTT, 0. 5% 
Toman-34). 

The mutant Tvu DNA polymerases (M285 and T289M) were ed by IPTG-inducible 
plasmids. For growth of these mutant plasmids, 3 liters of Terrific Broth containing 10 ug/ml 
tetracycline were seeded separately with 50 ml overnight seedstocks of E. coli containing 
either mutant plasmid. The cultures were grown to about A600 =1.5 OD shaking at 37°C. 

Then the culture growth temperature was adjusted to 25°C and IPTG was added to a final 
concentration of 1 mM. The culture was allowed to grow overnight, shaking at 25°C and the 
cells were then harvested by centrifugation at 9, 000 rpm for 5 minutes. The purification 
procedure is then the same as that described above for the full-length rTvu DNA polymerase. 

This experiment demonstrated that the recombinant Tvu DNA polymerases were purified to 
greater than 85% as indicated by the substantial absence of nuclease contamination, and a 
predominant band at about 97 kD for the full-length polymerase and 66 kD for the mutant 
polymerases when compared to Mark 1 2 size markers (No vex) on a 4-20% Tris- Glycine gel 
(Novex EC6025). 

Example 1 3 Use of Recombinant Tvu DNA Polymerases in Reverse Transcription Reaction 
Reverse transcription activity in the presence of magnesium ions was measured for the full- 
length and mutant recombinant Tvu DNA polymerase enzymes purified as described in 
Example 12. 

In these experiments, a reverse transcription (RT) reaction mix was used. The final 
concentration of each component in a reaction was : 10 mM Tris-HCI (pH 8. 3), 50 mM KCI, 
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0. 5 mM dTTP (Promega, U123A), 0. 25 mM polyriboadenylate, 0. 025 mM 
oligodeoxylhymidylate (Supertechs 1 1 1020A), and 0. 25 pCi 3HdTTP (Amersham, TRK. 
424) in 50 1 reaction volume. 

Each 45 u. aliquot of the RT reaction mix was mixed with 2 p. I (10 units) or 1 RI (5 units) of 
one of the DNA polymerases and water to a final volume of 50 111. The solutions were then 
incubated at 74°C for 20 minutes. Reactions were stopped by placing them on ice. 

The negative control was performed as described but without addition of any enzyme. 

The 3HdTTP incorporation was determined by measuring TCA precipitation counts as 
follows. Each RT reaction was TCA precipitated by adding 10 jj. 1 calfthymus DNA 
(Img/ml), 500 u. 1 10% cold TCA solution, and then allowed to sit on ice for 10 minutes 
before it was filtered onto GF/C filter (Whatman, 1 822024). The filter was washed with 5 ml 
5% cold TCA solution three times, and once with acetone. The filter was dried under a heat 
lamp, and then counted in a liquid scintillation counter in scintillation fluid (Beckman, 
158735). The results (corrected for background) are presented in Table 10. 1 1 Table 10 
Reverse Transcription Activity of Recombinant Tvu DNA Polymerase . Cmef : Amwt of 
EnzyZe :. cpm Full Length rTvu DNA pol. 5 units 12, 560 Full Length rTvu DNA pol. 10 
units 18, 794 M285 5 units 13, 202 M285 10 unitsl9, 390 M285 5 units 13, 202 M285 10 
units 19, 390 Table 10 Reverse Transcription Activity of Recombinant Tvu DNA Polymerase 
T289M 5 units 8,434 T289M 10 units 16,264 The results demonstrate that all recombinant 
Tvu DNA polymerases tested have reverse transcriptase activity at 74°C, and 1 0 units 
produced more activity than 5 units as expected. 

Example 14 RT-PCR using Tvu and Taq DNA Polymerase Mixtures Multiple mixtures of 
Tvu and Taq DNA polymerases were used, at multiple pH f s, to demonstrate that RT-PCR can 
be performed in a one-pot reaction in the presence of magnesium and the substantial absence 
of manganese ions. 

Kanamycin mRNA (Promega CI 381) was used as the nucleic acid substrate in the RT- PCR 
reactions. The reactions were assembled as detailed in the table below. 

Reaction number : 1 2 3 4 5 Reaction mix (pi) 43 43 43 43 43 Water 4 4 4 4 5 nTaq 11111 
mRNA (0. 5mg/ml) 1 1 1 1 1 n ? vu (full-length) 1 0 0 0 0 rTvu (full-length) 0 1 0 0 0 M285 
Tvu 0 0 1 0 0 T289M Tvu 0 0 0 1 0 The Taq and Tvu DNA polymerases were all at a 
concentration of 5 units per microliter. nTaq and nTvu are native enzymes, rTvu is the 
recombinant enzyme. Reaction 5 is the negative control reacton. One set of reactions was at 
pH 8. 3, another set of reactions was at pH 9. 0. The reaction mixture was : 5 ul 10X buffer 
(500 mM KC1, 100 mM Tris pH 8. 3 or 9. 0) ; 5 ul 2 mM dNTP, 1, ul Primer 1 (Promega, 
A109B) ; 1 jul Primer 2 (Promega, Al 10B) ; 5 ul 25 mM MgC12 ; 26 ul water. 

The PCR cycling program used was 70°C for 20 minutes to allow for reverse transcription, 
followed by 95°C for 1 minute, (94°C for 15 seconds, 68°C for 1 minute) x 30 ; 68°C for 5 
minutes, 4°C soak. An aliquot of the RT-PCR reaction was then run on a 20% TBE gel and 
ethidium bromide stained to visualize the 300 bp product. 

All of the Tvu DNA polymerase enzyme-containing reactions produced robust RT-PCR 
product when coupled with nTaq DNA polymerase in the above reaction. The RT reaction 
was run at either 70°C or 78°C and both produced nearly equal amounts of RT-PCR product. 
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Likewise, pH 8. 3 and pH 9. 0 were both efficient and produced nearly equal amounts of RT- 
PCR product. The mutant and full-length Tvu DNA polymerases produced nearly equal 
amounts of RT-PCR product. 

A 1 : 1 0 serial dilution of the mRN A template was performed and the reaction as described 
above was run using 2 ul of each dilution and the full-length rTvu DNA polymerase. RT- 
PCR product of 300 bp was detectable even when using an mRN A dilution containing 1 copy 
in the 2 zip aliquot. The negative control reactions containing no Tvu DNA polymerase 
produced no detectable RT-PCR product. 

All publications and patents mentioned in the above specification are herein incorporated by 
reference. Various modifications and variations of the described compositions and methods 
of the invention will be apparent to those skilled in the art without departing from the scope 
and spirit of the invention. Although the invention has been described in connection with 
particular preferred embodiments, it should be understood that the inventions claimed should 
not be unduly limited to such specific embodiments. Indeed, various modifications of the 
described modes for carrying out the invention which are obvious to those skilled in the art 
and in fields related thereto are intended to be within the scope of the following claims. 

CLAIMS What is Claimed is : 1 . A composition comprising a purified and isolated 
Thermoactinomyces vulgaf-is DNA polymerase that has DNA synthesis activity. 

2. The composition of Claim 1 , wherein said polymerase has a molecular weight of about 97 
kD. 

3. The composition of Claim 1, wherein said polymerase has reverse transcriptase activity in 
the presence of magnesium ions. 

4. The composition of Claim 3, wherein said reverse transcriptase activity is substantially 
manganese ion independent. 

6. The composition of Claim 1, wherein said DNA polymerase is thermostable. 

7. The composition of Claim 1, wherein said composition is substantially free of 
endonuclease activity. 

8. The composition of Claim 1, wherein said composition is greater than 85% pure. 

9. The composition of Claim 1 , wherein said composition is greater than 95% pure. 

10. The composition of Claim 1 , wherein said polymerase has the amino acid sequence set 
forth in SEQ ID NO : 2. 

1 1 . The polymerase of Claim 1 , wherein said polymerase is a native polymerase. 

12. The polymerase of Claim 1 , wherein said polymerase is a recombinant polymerase. 

13. A nucleic acid encoding a DNA polymerase having an amino acid sequence selected 
from the group consisting of SEQ ID NO : 2, SEQ ID NO : 4, and SEQ ID NO. 6. 



file://C:\Documents%20and%20Settings\7118\My%20Documents\WIPO\WO-01-64838.h... 1/24/2006 



(WO 01/64838) THERMOPHILIC DNA POLYMERASES FROM THERMO ACTIN... Page 49 of 50 



14. A purified thermostable mutant Tlzernzoactinomyces vulgaris DNA polymerase 
comprising at least a portion of the amino acid sequence of SEQ ID NO : 2, wherein said 
polymerase has DNA synthesis activity. 

15. The polymerase of Claim 14, wherein said polymerase is substantially free of 5'to 
3 f exonuclease activity. 

16. The polymerase of Claim 14, wherein said polymerase is encoded by an amino acid 
sequence selected from the group consisting of SEQ ID NO : 4 and SEQ ID NO. 6 and 
variants thereof. 

17. A purified and isolated nucleic acid selected from the group consisting of SEQ ID NO : 
1, SEQ ID NO : 3, and SEQ ID NO : 5 and sequences that hybridize to SEQ ID NO : 1, SEQ 
ID NO : 3, and SEQ ID NO : 5 under high stringency conditions. 

18. The nucleic acid of Claim 17, wherein said sequence is SEQ ID NO : 1. 

19. The nucleic acid of Claim 17, wherein said sequence encodes a Thermoactinomyces 
vulgaris DNA polymerase having DNA synthesis activity. 

20. The polymerase of Claim 18, wherein said polymerase is substantially free of 5'to 
3'exonuclease activity. 

21. A composition comprising a purified oligonucleotide complementary to at least 15 
consecutive nucleotides of said nucleic acid of Claim 17. 

22. A host cell comprising a nucleic acid selected from the group consisting of SEQ ID NO : 
1, SEQ ID NO : 3, SEQ ID NO. 5 and variants thereof. 

23. The host cell of Claim 22, wherein said nucleic acid is operably linked to a regulatory 
element selected from an origin of replication, a promoter, and an enhancer. 

24. The host cell of Claim 22, further comprising a selectable marker gene. 

25. A method for determining the nucleotide base sequence of a DNA molecule comprising 
the steps of : a) providing in any order : i) at least one deoxynucleoside triphosphate ; ii) a 
Ther-nzoactinonryces vulgar- vis DNA polymerase ; iii) at least one DNA synthesis 
terminating agent that terminates DNA synthesis at a specific nucleotide base ; iv) a first 
DNA molecule ; and v) a primer capable of hybridizing to said first DNA molecule ; b) 
adding, in any order, said deoxynucleoside triphosphate, said DNA polymerase, said DNA 
synthesis terminating agent, said first DNA molecule and said primer to form a reaction 
mixture, under conditions such that said primer hybridizes to said DNA molecule and said 
DNA polymerase is capable of conducting primer extension to produce a population of DNA 
molecules complementary to said first DNA molecule ; and c) determining at least a part of 
the nucleotide base sequence of said first DNA molecule. 

26. The method of Claim 25 wherein said polymerase is a naturally-occurring DNA 
polymerase. 

27. The method of Claim 25 wherein said polymerase is a non-naturally-occurring DNA 
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polymerase. 

28. The method of Claim 25, wherein said conditions comprise heating said mixture. 

29. The method of Claim 25, wherein said method further comprises cooling said mixture to 
a temperature at which said DNA polymerase is capable of conducting primer extension. 

30. The method of Claim 29 further comprising repeating said heating and said cooling one 
or more times. 

31 . The method of Claim 25 wherein said reaction mixture comprises 7-deaza- dGTP,- 
dATP,-dTTP and-dCTP. 

32. The method of Claim 25 wherein said DNA synthesis terminating agent is a 
dideoxynucleoside triphosphate. 

33. The method of Claim 25 wherein said primer molecule is labelled. 

34. A method for amplifying a double stranded DNA molecule, comprising the steps of : a) 
providing : i) a first DNA molecule comprising a first strand and a second strand, wherein 
said first and second strands are complementary to one another ; ii) a first primer and a 
second primer, wherein said first primer is complementary to said first DNA strand and said 
second primer is complementary to said second DNA strand ; and iii) a Thermoactinonayces 
vulgaris DNA polymerase ; and b) mixing said first DNA molecule, said first primer, said 
second primer and said polymerase to form a reaction mixture under conditions such that a 
second DNA molecule comprising a third strand and a fourth strand are synthesized, said 
third strand having a region complementary to said first strand and said fourth strand having 
a region complementary to said second strand. 

35. The method of Claim 34 wherein said conditions comprise heating said mixture. 

36. The method of Claim 34 further comprising cooling said mixture to a temperature at 
which said DNA polymerase is capable of conducting primer extension. 

37. The method of Claim 34 further comprising repeating said heating and said cooling one 
or more times. 

38. The method of Claim 34 wherein said polymerase is substantially free of 5 f to 
3 f exonuclease activity. 

Description Claims 
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